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Abstract 

In order to combat drought and desertification, it is essential a holistic approach such as that one 

represented by the paradigm of the Integrated Water Resources Management (IWRM). IWRM can 

be considered as a flexible conceptual framework based on the principles of equity, efficiency and 

sustainability that indicates general guidelines for a more efficient water management (Leidel et 

al., 2012). Within this framework, an effective solution consists, in particular in arid and semi-arid 

regions, in sustainable water management practices which include, in many cases, a combination 

of both water harvesting and managed aquifer recharge (MAR) techniques (Cosgrove and 

Rijsberman, 2000). 

This research was developed within the WADIS-MAR “Water harvesting and Agricultural 

techniques in Dry lands: an Integrated and Sustainable model in MAghreb Regions” demonstration 

Project (2011-2016) (www.wadismar.eu), funded by the EC under the Regional Programme 

“Sustainable Water Integrated Management” (SWIM) (www.swim-sm.eu). Among its objectives, 

the Project aimed at increasing groundwater availability through an integrated water harvesting 

and managed aquifer recharge system in two watersheds in Maghreb Region: Wadi Biskra in 

Algeria and Oum Zessar in Tunisia. Both areas are characterized by water scarcity, overexploitation 

of groundwater resources and high vulnerability to climate change risk. The overall objective of 

this research was to develop an interdisciplinary methodology to define guidelines for the design 

and implementation of integrated and innovative MAR systems that can be applied in arid and 

semi-arid environments. This methodology was tested in the two study areas in Algeria and 

Tunisia. As required by its application, with the support of the interdisciplinary research group of 

WADIS-MAR, the different components of the Water Resources System (WRS) at local level were 

defined: the water budget, the 3D hydrogeological model and the hydrogeochemical and isotopic 

characterization. Because of the lack of a sufficient number of quality data for hydrological 

modeling, a physiography-based indirect method for determining the runoff coefficient (Ghiglieri 

et al., 2014) was applied at sub-basin scale for three watersheds (Koutine, Megarine-Arniane and 

Hajar) in the Tunisian study area. The water budget was estimated on a daily time scale basis, over 

a 10-year period (2003-2012), through a simplified water balance model, modifying the model 

proposed by Allen et al. (2006) that considers effective infiltration as part of the surplus from 

water storage in the soil. An average Available Water Content (AWC) of soils and an average runoff 

coefficient were considered for each sub-basin. 3D hydrogeological models were implemented for 
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both study areas through the realization of several balanced geological cross-sections and data 

processing in a 3D environment by 3D MOVE software. A detailed hydrogeochemical 

characterization was carried out, including bulk chemistry and multi-isotopic analyses of water and 

solid samples. The estimated average annual groundwater recharge of the aquifers resulted 

consistent with the reference values in literature. 3D hydrogeological model reconstruction 

showed that the groundwater circulation and the geometry of aquifers is strongly influenced by 

several tectonic structures and this evidence is confirmed by hydrogeochemical and isotopic 

results. All these results allowed to design MAR systems which are innovative because they 

present some technical innovations to improve the efficiency of managed aquifer recharge: the 

recharge chambers and the Passive Treatment System. Finally, the estimated potential recharge 

rate (m3 year-1) for the targeted aquifers related to the designed MAR systems were about 1.7 hm3 

year-1 and 1.2 hm3 year-1 in Algerian and Tunisian study area, respectively. 
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1. INTRODUCTION 

1.1. Research background 

Multidisciplinary research activities for preventing and/or mitigating desertification should assign 

an important role to issues related to the proper water resource management aiming to water 

conservation, in terms of both quality and quantity. Sustainable use of water is not only a priority 

issue for regions affected by water scarcity or in relation to a specific water use (e.g. irrigation use) 

but it affects all users’ sectors and regions. Imbalances between availability and demand, 

degradation of surface and groundwater quality, inter-sectorial competition, inter-regional and 

international conflicts, all bring the water issues to the foreground. 

Nowadays, water is becoming scarce not only in arid and drought prone areas, but also in regions 

where rainfall is relatively abundant, because water scarcity is not only due to natural causes, but 

it may be induced by human activities, or may result from the interaction of both. Therefore, 

water scarcity is now viewed under the perspective of the quantities available for economic, social 

and natural uses. This concept also embraces the quality of water because degraded water 

resources can not be available or can be only marginally available for their use in human and 

natural systems. 

As the deterioration of surface and groundwater resources, in terms of both quality and quantity, 

has a negative impact on natural environments and on the socio-economic growth of an area, it 

represents a key indicator of desertification. Indeed, according to the definition given by United 

Nations Convention to Combat Desertification (UNCCD), desertification refers to the degradation 

of the land in arid, semi-arid and sub-humid zones resulting from various factors including climatic 

variation and human activities (UNEP, 1994). Desertification should be also considered under a 

broader perspective where the space scale for land is wide and embraces both agricultural and 

non-agricultural land as well as the respective water resources. Moreover, impacts relate not only 

to natural resources and land productivity but also to social and economic behaviour of 

populations living in the affected areas (Pereira, 2005). Especially in arid regions, drought, 

consisting of a persistent lower-than-average precipitation, of uncertain frequency and duration, 

strongly aggravates desertification processes increasing the pressure on the diminished surface 

and groundwater resources. This creates the conditions for land degradation thus making the 

living conditions of related populations worse. When dealing with water scarcity conditions, it 
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seems more appropriate to define desertification in relation to the water imbalance produced by 

the misuse of water and soil resources due, for example, to: (i) withdrawals that exceed 

groundwater recharge; (ii) surface reservoirs of inadequate capacity; (iii) land use which have 

changed and revised the local ecosystem and altered the infiltration and runoff characteristics; (iv) 

degraded water quality that is often associated with water shortages and exacerbates the effects 

of water scarcity. Therefore, the unsustainable water management and the misuse of water can 

be considered as a cause for desertification. 

In order to combat desertification and water scarcity conditions, it is essential a holistic approach 

such as that represented by the paradigm of the Integrated Water Resources Management 

(IWRM), that is defined as a “process which promotes the coordinated development and 

management of water, land and related resources, in order to maximize the resultant economic 

and social welfare in an equitable manner without compromising the sustainability of vital 

ecosystems’’ (GWP, 2000). IWRM can be considered as a flexible conceptual framework based on 

the principles of equity, efficiency and sustainability that indicates general guidelines for a more 

efficient water management that needs to be customized for the unique requirements of the 

region concerned (Leidel et al., 2012).  

Within this framework, an effective solution consists, in particular in arid and semi-arid regions, in 

sustainable water management practices which include, in many cases, a combination of both 

water harvesting and managed aquifer recharge (MAR) techniques (Cosgrove and Rijsberman, 

2000). Water harvesting techniques allow to capture water during rainfall events preventing the 

quick removal of the runoff from the river basin and also promoting the aquifer recharge. MAR 

consists in a process of induced groundwater replenishment (Murray and Harris, 2010; De Vries 

and Simmers, 2002). Managed aquifer recharge is expected to become increasingly necessary in 

the future as growing populations require more water, and as more storage of water is needed to 

save water during periods of water surplus to be used in times of water shortage. Traditionally, 

water has been stored in dams. However, good dam sites are becoming scarce. In addition, dams 

have various disadvantages: evaporation losses (about 2 m year-1 in warm, dry climates), sediment 

accumulation, potential of structural failure, increased malaria and other human diseases, adverse 

ecological, environmental and socio-cultural effects (Devine, 1995; Knoppers and van Hulst, 1995; 

Pearce, 1992). The building of new dams is often discouraged because of high cost and public 

opposition. Instead, underground storage via managed aquifer recharge has several advantages 
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such as essentially zero evaporation from the aquifer and substantial saving in realization costs. 

For these reasons, the practice of managed aquifer recharge is rapidly increasing in many parts of 

the world (Bouwer, 2002). 

This PhD research is carried out in the framework of the WADIS-MAR “Water harvesting and 

Agricultural techniques in Dry lands: an Integrated and Sustainable model in MAghreb Regions” 

Project (2011-2016) (www.wadismar.eu). It was one of the five Demonstration Projects 

implemented within the Regional Programme “Sustainable Water Integrated Management” 

(SWIM), funded by the European Commission. WADIS-MAR was coordinated by Prof. Giorgio 

Ghiglieri and the Applicant was the Desertification Research Centre of the University of Sassari 

(NRD - UNISS) (Italy). The partnership was composed of the University of Barcellona (UB) (Spain) 

and two national organizations of North Africa countries: IRA, Institut des Régions Arides (Tunisia) 

and ANRH, Agence Nationale des Ressources Hydrauliques (Algeria). The international 

organization, Observatoire du Sahara et du Sahel (OSS) completed the consortium (Fig. 1.1). The 

project was also supported by other local associations and organizations such as local NGOs and 

institutions (CRDA - Commissariats Régionaux au Développement Agricole in Tunisia). 

 

 

Figure 1.1. Partnership of the WADIS-MAR Project 

http://www.wadismar.eu/
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The project addressed the overall objective of the SWIM Programme aiming at contributing to the 

extensive dissemination and effective implementation of sustainable water management policies 

and practices in the Southern Mediterranean Region, in the context of increasing water scarcity, 

combined pressures on water resources from a wide range of users, desertification processes and 

climate change. Specifically, WADIS-MAR addressed the Lot 2 – point 1 “Water and Climate 

Change” which priority was the adaptation to climate change and the enhancement of drought 

and flood management, giving particular attention to the water-agriculture-food- environment 

link. The overall objective of WADIS-MAR was to improve the living standards of rural population 

in arid and semi-arid areas of Maghreb region where the increase of water scarcity contributes to 

ongoing desertification processes. In particular, it aimed at increasing groundwater availability 

through an integrated water harvesting and managed aquifer recharge system in two watersheds 

in Maghreb Region: Wadi Biskra in Algeria and Oum Zessar in Tunisia. Both areas are characterized 

by water scarcity, overexploitation of groundwater resources and high vulnerability to climate 

change risk. By taking also into account past local traditional experiences, the project focused on 

the implementation of a sustainable water and agriculture management system based on a 

participative and bottom-up approach to enable local communities to manage groundwater 

resources, starting from a more efficient use of water harvesting techniques (WHT) and from a 

sustainable agricultural practices application. The project involved national, regional, local 

institutions and associations to: 

 safeguard and promote “soft” modern intervention on traditional systems; 

 enhance inter-sectorial coordination and regional cooperation; 

 increase capacity building; 

 create an enabling technical, policy and institutional environment for the promotion of a 

sustainable water and agriculture management model. 

Drought and desertification affect the arid watersheds of Wadi Biskra and Oum Zessar that suffer 

under scarce water conditions. Rainfall is scarce (average annual rainfall less than 200 mm year-1), 

with an erratic behaviour, concentrated over brief intervals that often produces short and intense 

floods that cause major damages and soil erosion. During these occasional floods, infiltration 

through beds of wadis is the major source of aquifer recharge. The wadis often carry large 

volumes of water during a flood but most of this water is lost, providing limited benefits for 

households living in villages of such semi-desert areas. In addition to these climate constraints, in 
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the last decades, other socio-economic changes are impacting on both environment and rural 

livelihood systems of these areas. In particular, many farmers and herdsmen are migrating from 

mountains to urban centres or Europe to seek employment and more income, whereas sedentary 

farmers are currently moving from the mountains into the plains causing a progressive 

abandonment of upstream areas and traditional water harvesting systems (in Tunisia). These 

changes are causing: 

 in the upstream area, a reduction of available water and an increasing of erosion because the 

traditional harvesting systems required an up-to-date maintenance;  

 in the downstream area, an overexploitation of groundwater due to increasing needs of rapidly 

expanding urbanization, as well as agricultural demands. 

Ideally, if intermittent surface water floods are optimally managed they can help respond to the 

increasing water demand in arid area. Moreover, the use of aquifers to store water in arid regions 

eliminates the disadvantages associated with surface storage, such as evaporation, pollution, 

siltation, and health hazards (WADIS-MAR, 2016).  

1.2. Research objectives 

The overall objective of this research is to develop a methodology to define, through an 

interdisciplinary approach, guidelines for the design and implementation of integrated and 

innovative MAR systems that can be applied in arid and semi-arid environments. Moreover, the 

research aims at testing this methodology in the two study areas of Algeria and Tunisia, 

respectively. 

Specific objectives are: 

 estimate the water budget, in particular the average natural recharge of aquifers; 

 reconstruct the hydrogeological and hydrogeochemical model; 

 design the integrated and innovative MAR systems; 

 estimate the potential recharge rate of aquifers through the designed MAR systems; 

 assess the efficiency, both in terms of quantity and quality, of the designed MAR systems. 

As the application of this methodology requires the integration of the different components of the 

water resources system (WRS), especially in order to create the baseline knowledge at local level 

necessary to design the MAR systems, this research was developed within the strongly 



6 
 

interdisciplinary research group of the WADIS-MAR project. This group includes different kinds of 

expertise on hydrology, geology, hydrogeology and hydrogeochemistry: 

 researchers of the Chemical and Geological Sciences Department of the University of Cagliari 

(DSCG-UNICA), especially for the geological and hydrogeological characterization of the study 

areas and the reconstruction of the three-dimensional models; 

 researchers of the Mineralogia Aplicada i Geoquímica de Fluids research group of the University 

of Barcelona (MAG-UB), for the hydrogeochemical characterization of the study areas and the 

design of the innovative system to improve the quality of the recharge water in the designed 

MAR systems; 

 researchers of the Hydro Meteorological and Climatic Department of the Regional 

Environmental Protection Agency of Sardinia (ARPAS) for the climatic characterization of the 

study areas; 

 researchers and technicians of the Tunisian and Algerian institutions, partner of WADIS-MAR, 

especially for the support during the different phases of the research. 

Although this PhD research concerned all phases carried out by the WADIS-MAR research group to 

test the developed methodology in the two study areas, it focused, in particular, on the water 

budget estimation, in order to assess the average annual natural recharge of the aquifers, and the 

MAR systems design in the intervention sites in Algeria and in Tunisia. The designed MAR systems 

present some innovative aspects compared to the state of the art aiming at increasing the MAR 

efficiency, in terms of both quantity and quality. These innovative technical solutions consist in: 

the recharge chambers and the Passive Treatment System. 

In the context of the arid and semi-arid regions of Maghreb and more in general in developing 

countries, a methodology like the one proposed in this research can be complicated to apply due 

to difficulties in data collection and very long bureaucratic procedures at regional and national 

level. For such constraints, some difficulties were encountered in testing the methodology in the 

two study areas. 

The structure of this thesis consists of seven chapters which includes an introduction, a literature 

review, the description of the two study areas, the developed methodology, the materials and 

methods used, the presentation of the results and finally the main conclusions. The outlook of 

each chapter is briefly explained below: 
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 Chapter 1 presents an introduction on desertification processes related to water resources 

management and objectives of this research activity. 

 Chapter 2 presents a review on Integrated Water Resource Management (IWRM) and Managed 

Aquifer Recharge (MAR). 

 Chapter 3 describes the main characteristics of the two study areas in Algeria and in Tunisia. 

 Chapter 4 presents the methodology developed and tested to design and implement integrated 

and innovative MAR systems in arid and semi-arid regions. 

 Chapter 5 describes the materials and methods used. 

 Chapter 6 shows the results related to the water budget estimation, the three-dimensional 

hydrogeological models, the hydrogeochemical and isotopic characterization, the design and 

implementation of the MAR systems. 

 Chapter 7 presents the main conclusions of the research. 
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2. LITERATURE REVIEW 

2.1. Integrated Water Resources Management (IWRM) 

2.1.1. Water management issues 

Environmental security is based on complex interactions between society and environment. Forty 

percent of the world’s population depends upon increasingly scarce and shared water resources. 

This situation is critical at both international and national level not only for socio-economic 

development, but also for regional stability. From this perspective, water resources scarcity, 

quality and distribution are the factors that would most likely lead to political and socio-economic 

conflicts, setting human security at risks (Darnault, 2008a). In developing countries, water is often 

the limiting factor for crop production, and consequently for food supply. Water scarcity leads to 

significant sanitation problems and generally limits economic development. Water pollution 

deriving from municipal and industrial wastewater, drainage water from intensive agriculture and 

salinization resulting from inadequate irrigation or groundwater over-exploitation additionally 

impair the availability of fresh water resources. The increased water scarcity also affects the 

economies of developed countries, including all sectors from agriculture, water supply and 

wastewater, transportation and tourism (Teutsch and Krueger, 2010). 

Several drivers put pressure on water resources at global and local scale. They are not only socio-

economic drivers but they also include less controllable factors (Hassing et al., 2009; Tejada-

Guilbert, 2015): 

 Demographics. Population growth creates pressures on freshwater resources by increasing 

water demands and producing additional wastewater and pollution. It is estimated that the 

world’s population will increase by about three billion people by 2050. This phenomenon will 

take place especially in developing countries, with all the challenges that carries in terms of 

investment needs for water supply and wastewater treatment. In urban areas, the situation is 

increasingly serious because of the continued migration from rural to urban areas, which makes 

more and more difficult to guarantee and protect water resources. 

 Economic. Globalization of trading goods and services provides opportunities but also adds 

pressure on water resources. The relocation of production and employment to cheaper areas is 

often based only on economic considerations. This kind of strategies shifts the issues of 

increased water consumption and water pollution to more vulnerable areas that may be willing 
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to meet the demands for jobs and economic development. Such shifts often take place without 

adequate consideration for water resources issues. 

 Technical innovation. Technological innovation concerns all aspects of water management from 

data recovery, water treatment, etc. 

 Climate change. CC affects strongly on the hydrologic cycle, variation, and variability, in time 

and in space, a compounded effect when coupled with sea level rise. Extreme events such as 

floods and droughts may be more acute and frequent in various parts of the world, especially in 

arid regions. 

 Land use change. Changes in the natural landscape are associated with population dynamics 

(migration, urbanization), agricultural expansion, etc. This generally involves greater water 

demand and a degradation of the natural habitat. 

Arid regions, that include about 20% of the world’s land area, are the most vulnerable to 

environmental changes, particularly hydrologic change, and they are suffering severe land and 

water degradation. Rapid population growth, that entailed the uncontrolled use of surface water 

and groundwater for irrigation, puts great pressure on these vulnerable ecosystems. As a 

consequence, in most arid regions severe deterioration of water and ecosystems has been 

observed, such as the disappearance of inland lakes, complete drying up of seasonal rivers, and 

even the destruction of agriculture. Notable examples are the shrinking of the Aral Sea in Central 

Asia, of the Dead Sea in the Middle East, and of Lake Chad in Sahel. Almost all of the 

environmental problems that have occurred in arid basins originated from the over-exploitation of 

water resources without enough consideration for the ecological conservation (Shen and Chen, 

2010). 

Mediterranean areas of Southern Europe, North-Africa and the Near and Middle East are subject 

to dramatic changes that will affect the sustainability, quantity, quality, and management of water 

resources. Most climate models forecast an increase in temperature and a decrease in 

precipitation at the end of the 21st century (Garcia-Ruiz et al., 2011). 

Future scenarios for water resources in the Mediterranean region suggest (i) a progressive decline 

in the average streamflow (already observed in many rivers since the 1980s); (ii) changes in 

important river regime characteristics; (iii) changes in reservoir inputs and management, including 

lower available discharges from dams to meet the water demand from irrigated and urban areas. 

Changes in water resources are particularly relevant in areas where water availability is a limiting 



10 
 

factor for economic development. In Maghreb countries, as well as in some areas of northern 

Mediterranean countries, such as southeast Spain, south Italy, water scarcity is particularly 

intense. Precipitation can be subject to high interannual and seasonal variability, with long and 

intense dry periods or extreme rainfall and floods. Under such conditions, the rising demand for 

water is met by increasingly expensive and complex infrastructure necessary to store seasonal or 

annual water surpluses in reservoirs, to transfer the water from storage to areas of demand, and 

to pump groundwater reserves (Garcia-Ruiz et al., 2011). 

Groundwater is essential for meeting fresh water demand worldwide to satisfy urban, agricultural, 

industrial, and environmental needs, particularly in arid and semiarid regions. Currently, at least 

half of the world’s population must be supplied with potable water from groundwater sources. 

This applies not only to the rural populations, for whom groundwater is often the most 

appropriate local supply source, but also to a significant part of urban populations (Puri et al., 

2008; Gleeson et al., 2012). Half or more of the irrigation water used to grow the world’s food is 

supplied from underground sources. In developing countries, dependence on groundwater is high, 

due to either water scarcity or a lack of safe drinking water from surface water supplies (Owen et 

al., 2010). Groundwater also acts as the key strategic reserve in times of drought, in particular 

during prolonged events. Most of the major aquifers in the world’s arid and semi-arid zones, in 

particular in the dry areas that rely most heavily on groundwater, are experiencing rapid rates of 

groundwater depletion (Famiglietti, 2014). Groundwater is being pumped at far greater rates than 

it can be naturally replenished, so that many of the largest aquifers on most continents are being 

mined, their precious contents never to be returned. 

In the last decades, groundwater pumping has experienced a great increase to meet the water 

demands for agricultural purposes. It cannot be forgotten that irrigation amounts to 70% of the 

world’s water uses (reaching over 90% in many arid and semi-arid regions) (Llamas Madurga et al., 

2008). Although irrigation techniques ensuring greater water efficiency are increasingly 

widespread, the agricultural sector is by far the principal consumer and user of groundwater (Puri 

et al., 2008): 

 87% in Greece, 71% in Spain, 70% in United States, 57% in Italy and in Australia; 

 90% in Saudi Arabia and in Libya, 89% in India, 86% in Bangladesh; 

 85% in Tunisia, 84% in South Africa, 79% in Argentina, 60% in Turkey; 

 64% in Mexico, and 54% in China. 
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Surface water is heavily subsidized in most countries, and thus its price for irrigation purposes is 

generally cheaper than groundwater’s. Despite this, many farmers prefer groundwater for the 

following reasons (Llamas Madurga et al., 2008): 

 the advances in hydrogeology and drilling techniques, and the popularization of the 

submersible pump, have significantly reduced abstraction costs over time. The total direct cost 

of groundwater abstraction represent today a small fraction of the economic value of the 

guaranteed crop; 

 groundwater can be obtained individually, thus by-passing negotiations with other farmers and 

government officers; 

 the resilience of aquifers during dry periods. In this regard, most farmers resort to conjunctive 

use when possible, using subsidized surface water whenever available and groundwater 

whenever surface supplies are not available. 

Particularly in arid and semi-arid regions of the world, groundwater is often not adequately 

managed to ensure its long-term sustainability. Serious problems, such as groundwater depletion 

(drawdowns in the order of 0.5 m year-1 are frequent, although rates up to 5–10 m year-1 have 

been reported (Llamas and Custodio, 2003)) and contamination, land subsidence or ecological 

impacts on aquatic ecosystems are widespread in both developed and developing countries and 

have locally led to significant socioeconomic impacts (Llamas Madurga et al., 2008; Gleeson et al., 

2012).  

2.1.2. IWRM approach 

Worldwide sustainable water resources development and management is considered as an 

ultimate goal of national water strategies (Owen et al., 2010). Originally, the approach to water 

management was essentially single-sector (water) oriented or sub-sectorial, mostly in relation to 

water supply, sanitation, irrigation and energy (hydropower). Normally, the river basin was viewed 

as a resource system whose waters were to be exploited for economic development. There was 

often a lack of coordination among sectors and the environmental aspects were ignored (Hooper, 

2003; Savenije and Van der Zaag, 2008). In addition, the traditional institutional separation of 

surface water from groundwater created fundamental communication barriers among technical 

experts, policy developers, operational managers and water users. These barriers impeded the 

understanding of the processes and consequences of groundwater-surface water interactions 

(Owen et al., 2010). 
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In recent years, substantial changes in water management approaches resulted from the 

introduction of the Integrated Water Resources Management (IWRM) paradigm representing a 

new approach to manage the water resources in a more comprehensive and holistic way (Savenije 

and Van der Zaag, 2008; Foster and Ait-Kadi, 2012). 

The principle that water is an integral part of the ecosystem, a natural resource and a social and 

economic good is recognized in the definition of IWRM formulated by the Technical Committee of 

the Global Water Partnership (GWP) (GWP, 2000; GWP and INBO, 2009; Kalbus et al., 2012), that 

is widely used. It states: ‘‘IWRM is a process which promotes the coordinated development and 

management of water, land and related resources, in order to maximize the resultant economic 

and social welfare in an equitable manner without compromising the sustainability of vital 

ecosystems’’. IWRM has been generally accepted and adopted by key players in a very wide cross-

section of sectors. It was for instance adopted for its importance in relation to the efficient 

production of food crops in irrigated agriculture, for its assistance in reducing water-related health 

risks, and its important role in reducing the risks of floods and droughts (Hassing et al., 2009). 

IWRM aims at achieving optimal benefits of the use of water resources to society normally within 

a river basin as the natural planning unit and capable to being applied to larger regional or 

national levels (Tejada-Guilbert, 2015). It considers the entire water cycle with all its natural 

aspects, as well as the interests of all the different water users; therefore, it addresses both the 

natural and the human dimensions of water. Decision-making should involve the integration of the 

different objectives where possible, and a trade-off or priority-setting between these objectives 

where necessary, by carefully weighing these in an informed and transparent manner, according 

to societal objectives and constraints (Savenije and Van der Zaag, 2008). Decision-making is based 

on a participatory approach involving farmers, communities, environmentalists, planners and 

policy makers at all levels, which can influence strategies for water resources development and 

management (Owen et al., 2010; Foster and Ait-Kadi, 2012). Special care should be taken to 

consider spatial scales, in terms of geographical variation in water availability and the possible 

upstream–downstream interactions, as well as time scales, such as the natural seasonal, annual 

and long-term fluctuations in water availability, and the implications of developments now for 

future generations, to ensure a long term sustainable use (Savenije and Van der Zaag, 2008). 

The idea of IWRM is not recent. The concepts underlying Integrated Water Resources 

Management were widely debated during the preparatory conferences for the UN Conference on 
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Environment and Development (UNCED) in Rio de Janeiro in 1992, that is viewed as a significant 

milestone (Savenije and Van der Zaag, 2008). Among these preliminary meetings, the most 

relevant one was the International Conference on Water and the Environment (ICWE) in Dublin 

(1992), because it led to the four Dublin Principles that represent the foundation of IWRM 

(Darnault, 2008b; Owen et al., 2010): 

 Principle 1: “Fresh water is a finite and vulnerable resource, essential to sustain life, 

development and the environment”;  

 Principle 2: “Water development and management should be based on a participatory 

approach, involving users, planners and policy-makers at all levels”;  

 Principle 3: “Women play a central part in the provision, management and safeguarding of 

water”;  

 Principle 4: “Water has an economic value in all its competing uses and should be recognized as 

an economic good”. 

The Dublin Principles formed an important input into Rio 1992 and, later the same year, they 

helped to inspire the Fresh Water Chapter (Chapter 18) of Agenda 21, which was agreed at 

government level. For decision-makers and practitioners alike, these principles have provided a 

simple, understandable and very useful guidance for water resources management and 

development over the following years (Hassing et al., 2009). 

After Dublin, with the increasing demand for integrated management, the high degree of 

fragmentation of the water sector in the international community, and in particular the UN family, 

became strongly felt. As reported by Savenije and Van der Zaag (2008), one of the problems of the 

international community is that there is no UN organisation that deals specifically with water 

resources. The water interest is fragmented over many different organisations, such as WMO, 

WHO, FAO, UNESCO, UNDP, UNEP and UNICEF. Important steps in the process towards more 

coordination have been the formation of the Global Water Partnership (GWP) and the World 

Water Council (WWC), which both have the aim to coordinate the implementation of IWRM 

principles and practices worldwide. Although there is undoubtedly some overlap between the two 

organisations, the WWC concentrates on awareness raising at political levels, whereas GWP aims 

to implement IWRM concepts at the operational level. Together they have been the driving force 

behind the second and third World Water Forums in The Hague and in Kyoto. During the 2nd World 

Water Forum, held in The Hague in March 2000, delegations of 113 countries adopted 
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unanimously the concept of IWRM, as well as their commitment to ensure ‘‘Water Security”. At 

the United Nations Millennium Summit in September 2000 world leaders adopted the Millennium 

Development Goals (MDGs), which set clear targets for reducing poverty, hunger, disease, 

illiteracy, environmental degradation, and discrimination against women by 2015. At least five of 

the eight MDGs required good water management and they could not be achieved without it 

(Savenije and Van der Zaag, 2008). 

The general framework of IWRM is based on Dublin principles and the three pillars of the 

Sustainable Development: Economic Efficiency, Social Equity and Environmental Sustainability (Fig. 

2.1). Three action areas are considered essential for implementing an IWRM approach. They are 

driving, in several countries, the reforms at national level in the water planning and management 

system (Hassing et al., 2009; Owen et al., 2010). These key areas are as follows: 

 Enabling Environment. It includes policy, legislation, and financing systems. Legislative 

processes take a long time, frequently several years and often they are not able to keep up with 

the dynamic changes in water resources situation and society. Typically laws and associated 

regulations related to water resources are found in many different sectors and customary laws 

make the situation even more complex. The overall objective for a reform process is to ensure 

that the key policy aims can be pursued with a legal backing and that laws and regulations that 

impact on water resources across all sectors are consistent. 

 Institutional Framework. Government institutions, agencies, local authorities, private sector, 

civil society organisations and partnerships all constitute an institutional framework that ideally 

should be geared towards the implementation of policies, strategies and legislation for 

sustainable water resources development and management. The challenge is to make them 

effective and this requires capacity building. Awareness creation, participation and 

consultations should serve to improve the skills and understanding of decision-makers, water 

managers and professionals in all sectors. 

 Management Instruments. The policies and legislation set out the “game plan”, the institutional 

framework defines who the “players” are and what they should do, whereas the management 

instruments are the “players´ competencies and skills” needed to play the game. Water 

resources issues (flood risks, water scarcity, pollution, groundwater depletion, 

upstream/downstream conflicts, etc.), according to the specific conditions of the country, 

require their special combination of management tools to be effectively addressed. 
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Figure 2.1. The three pillars of IWRM: an enabling environment, an institutional framework and management 
instruments (modified from Hassing et al., 2009) 

 

2.1.3. Groundwater in IWRM 

Although in many countries groundwater represents the main source for domestic and agricultural 

purposes, especially in arid regions where surface water is scarce or seasonal and in rural areas 

with dispersed populations, an inadequate attention has been often reserved to groundwater 

management within reforms towards an IWRM approach. It’s fundamental to point out that water 

is one resource (groundwater and surface water are interlinked) that requires a holistic approach 

to management inside of which groundwater should be fully incorporated (Owen et al., 2010). 

Sustainable groundwater management should have two objectives that are crucial: 

 balance groundwater recharge respect to the abstraction, that is often uncontrolled; 

 protect groundwater from pollution. 

However, groundwater sustainability is often difficult to achieve because processes related to 

groundwater are typically characterized by different temporal and spatial scales than those of 

surface water. At a global scale, mean residence times of groundwater are much longer than those 
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of other components of the hydrologic cycle. For individual aquifers, groundwater mean residence 

times can cover a wide range from less than 10 years to over 1,000,000 years. However, 

groundwater policy horizons are typically 5 to 20 years. For example, the EU Water Framework 

Directive considers a planning and implementation cycle of 15 years. Therefore, groundwater 

policy horizons are often inconsistent with natural groundwater time scales and this may 

represent an obstacle to achieve long term groundwater sustainability (Gleeson et al., 2012). 

To overcome this kind of obstacle, Gleeson et al. (2012) propose three practical approaches for 

groundwater sustainability that they define as “a value-driven process of intra-and 

intergenerational equity that balances the environment, society, and economy”. This three 

approaches consist in: setting longterm sustainability goals, backcasting and management that is 

integrated, adaptive, inclusive, and local. Since impacts of aquifer depletion and groundwater 

contamination are often only observed after long periods of time, they suggest setting 

groundwater sustainability goals for many aquifers on a multigenerational time horizon (50 to 100 

years) while acknowledging longer term impacts. As an alternative, the mean residence time could 

be used for the time horizon, although this is normally much longer than realistic planning 

horizons. Mean residence time is a useful indicator of planning horizons because it is an 

approximation of the aquifer renewal time (Gleeson et al., 2012). 

Specific policies can be developed by backcasting from the sustainability goal to determine policies 

and actions that are necessary, feasible or desirable in the given policy time horizon to meet 

multigenerational goals. Backcasting starts with defining a desirable future (i.e., groundwater 

sustainability goal) and then works backward to identify policies and programs that will connect 

that future to the present (Gleeson et al., 2012). This kind of approach was implemented by Texas 

Water Development Board (USA) using groundwater models (Hutchison, 2010) and by Lavigne et 

al. (2010) on the Chateauguay River aquifer, in Canada. They used a calibrated steady-state model 

of this aquifer to test the impact of hypothetical scenarios of future groundwater consumption on 

aquifer conditions such as drawdown or natural discharge to surface waters. Model simulation 

results were used to define relationships between drawdown, pumping rate and natural 

groundwater discharge. Through these relationships, water managers and stakeholders can 

determine the desired sustainability goals and backcast to the present day to determine 

sustainable extraction rates. 
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To manage groundwater over multigenerational timescales, it is necessary an approach that is 

more oriented towards an integrated, adaptive, inclusive, and local management (Gleeson et al., 

2012). Integrated management requires to consider groundwater and surface water as a single 

resource, for example by using groundwater models coupled to surface water models. Adaptive 

management to changing conditions (e.g., population growth, climate change, etc.) allows more 

resilient long-term management and potentially provides a bridge within and across generations 

for addressing the longer term issues of groundwater sustainability. Adaptive management is 

based on experimentation and monitoring. By using transient groundwater models, experiments 

of management policies and actions could be simulated. These simulations should be sufficiently 

long to allow the evaluation of the experimental measures in achieving the long-term goals. 

Because of the uncertainty that always affects the model prediction, monitoring is essential to 

assess the effectiveness of the adaptive measures (Gleeson et al., 2012). Inclusive and local 

management means that provisional decision and measures are taken based on best-available 

scientific evidence with full stakeholder consultation (Foster and Ait-Kadi, 2012). Community 

participation is fundamental to ensure quality decisions, as the maintenance of quality depends on 

open dialog among all parties. Long-term monitoring and experimentation should be embedded in 

a community-based and accessible framework that integrates a variety of data and modeling 

information (Gleeson et al., 2012). 

Another key issue related to groundwater management within IWRM is the spatial scale. As 

mentioned before, the reference spatial unit for the IWRM processes is the river basin. For 

groundwater processes assessment the fundamental spatial unit is the hydrogeological basin, 

defined by hydrogeological criteria, that in many cases does not coincide with the river basin. For 

example, the occurrence of local or regional tectonic structures (faults, folds, synclines, anticlines, 

etc.), which influence groundwater circulation, determine groundwater divides that differ from 

the surface-water divides. In this cases, the hydrogeological basin should be the appropriate 

spatial framework within which to address groundwater management and protection. Therefore, 

some specific hydrogeological settings should require a modified approach in IWRM (Foster and 

Ait-Kadi, 2012): 

 important aquifers of limited extent compared to river basin in either humid or arid regions: 

independent local groundwater management plans are required, but these should recognize 
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that aquifer recharge may result from upstream riverflow, and downstream baseflow will often 

depend on aquifer discharge; 

 extensive deep aquifer systems in arid regions: groundwater flow system dominates; there is 

little permanent surface water and, thus, it is not helpful to adopt a river basin approach; 

 minor aquifers of shallow depth and patchy distribution predominate: limited groundwater 

interaction with river basin and (despite socioeconomic importance of minor aquifers for rural 

water supply) integrated groundwater/surface-water planning and management is not really 

essential. 

Hydrogeologists have a key role in groundwater management because they can provide 

information from modeling and monitoring that represent the scientific basis for adapting 

management measures. By using groundwater models, they can simulate effects of management 

polices and measures in achieving the long-term sustainable goals and by monitoring assess the 

effectiveness of polices and measures. Hydrogeologists, water managers and local communities 

should work together to set long-term goals, to device polices and measures by backcasting, and 

to adapt future measures in achieving the long-term sustainable goals (Foster and Ait-Kadi, 2012). 

2.1.4. Final remarks 

IWRM does not represent a concrete dogmatic manual at the operational level or a rigid series of 

steps to be followed, rather it is a set of common-sense suggestions. It should be seen as a flexible 

conceptual framework based on the principles of equity, efficiency and sustainability and also as a 

general guideline for a more efficient water management that can be adapted to diverse local and 

national contexts (Hassing et al., 2009; Leidel et al., 2012). 

The main strength of IWRM consists in the fact that it has given the water community a common 

language that’s applicable over different levels, from the local to the national and regional. This 

allows the exchange of knowledge and lessons-learned across borders, across regions and at a 

local level. In this way, it’s possible for decision-makers and managers to agree on and monitor 

policies and goals to improve the water resources management (Hassing et al., 2009). 
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2.2. Managed Aquifer Recharge 

Nowadays, the progressive population growth is creating an increasing water demand, which, 

together with issues as pollution and overexploitation of aquifers, represent a bleak future in 

addition to the consequences of climate change (DINA-MAR, 2010). 

About one third of the world‘s population lives in countries affected by water scarcity and if the 

current trend is maintained, water stress is expected to rise by 66% until 2025 (Rahaman, 2011). 

As water stress or scarcity imposes strong restrictions on humans and natural systems, the 

vulnerability of water scarce areas to climate variability and possible future climate change is ever 

more likely. Climate change has been predicted to contribute to decreasing water availability, 

increasing water quality degradation, and an increase in extreme flood and drought events (Urama 

and Ozor, 2010; Rusteberg, 2008). 

The stress on water resources in many regions of the world, especially in semi-arid and arid 

regions, can be tackled through innovative water resources management response strategies and 

technologies, belonging to the framework of Integrated Water Resources Management (IWRM). 

Among these, the artificial aquifer recharge represents an useful mitigation tool in IWRM to 

increase the availability of groundwater resources (not only in space (volume) but also in time 

(recharge cycle)) and improves its sustainability and quality. Among their main uses, the most 

common are the consumptive (agriculture and livestock), followed by urban and industrial supply, 

environmental, energy, mining, recreation and others uses (Fernández Escalante and San 

Sebastián Sauto, 2012). 

2.2.1. Definitions 

Artificial recharge can be defined as “the set of techniques whose main objective is to allow a 

better exploitation of aquifers by increasing their resources and the creation of reserves, by direct 

or indirect intervention in the natural water cycle” (Custodio and LLmas, 1996). 

Bouwer (2002) provides a more practical definition of this technique: “artificial recharge of 

groundwater is achieved by putting surface water in basins, furrows, ditches or other facilities 

where it infiltrates into the soil and moves downward to recharge aquifers”. The main objective is 

to augment availability of groundwater resources and improve water quality. Other objectives of 

artificial recharge are: to reduce seawater intrusion or land subsidence, to store water, to improve 

the quality of the water through soil-aquifer treatment or geopurification, to use aquifers as water 
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conveyance systems, and to make groundwater out of surface water where groundwater is 

traditionally preferred over surface water for drinking (Bouwer, 2002). 

In the last twenty years researchers and technicians of the International Association of 

Hydrogeologists (IAH) have tried to avoid the term “Artificial Recharge” (AR) in favour of 

“Managed Aquifer Recharge” (MAR). This substitution took place officially for the first time in 

November 2000, on the occasion of the meeting of the IAH’s working group on artificial aquifer 

recharge, directed by Ivan Johnson, which is held to celebrate the 30th anniversary of the 

Association (DINA-MAR, 2010). The reason is that the adjective “artificial”, in a society where 

participation of different stakeholders, including non-technical actors, in water resources 

management is becoming more prevalent, gives adverse connotations to processes related to 

water, implying that the water is in some way unnatural. To be consistent we don’t call wells 

“artificial discharge”. The term “Managed Aquifer Recharge” (MAR) points out that this activity is 

intentional and is realized (for future uses or for maintaining the agro-ecosystems) through 

measures to ensure appropriate protection for the health and the environment. MAR is opposed 

to the effects of incidental recharge of the aquifers linked to various human activities (Dillon, 

2005; Rossetto et al., 2014). Now MAR is shared internationally and includes also terms as 

enhanced recharge, water banking and sustainable underground storage. 

Dillon et al. (2009; 2010) classify the human activities which enhance aquifer recharge into three 

categories: 

 Unintentional - such as through clearing deep-rooted vegetation, by deep seepage under 

irrigation areas and by leaks from water pipes and sewers; 

 Unmanaged - including stormwater drainage wells and sumps, and septic tank leach fields, 

usually for disposal of unwanted water without consideration of reuse; 

 Managed - via planned use of injection wells, infiltration basins and galleries for rainwater, 

stormwater, reclaimed water, mains water and water from other aquifers that is subsequently 

recovered for all types of uses. 

A wide range of source waters can be used for MAR to produce suitable water for a variety of end 

uses. Generally poorer quality source waters will need a higher level of treatment before recharge 

when: 

 the native groundwater is already of high quality (e.g. suitable for drinking water); 

 the water is to be recovered for higher valued uses such as drinking; 
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 the aquifer is fine-grained and there is a need to avoid frequent or permanent clogging (see 

section 2.2.12) of the recharge basin, gallery or well. 

2.2.2. Advantages 

The main advantages of MAR are (Fernández Escalante, 2004; Martín-Alonso, 2003): 

 increase the reserves in aquifers and possibility to store excess water in wet periods to meet 

water demands in dry periods; 

 facilitate the transport of water through the aquifer, reducing the use of pipes and pipelines; 

 improve and homogenize the water quality; 

 reduce pumping costs, slow down the seawater intrusion and other effects due to the rise of 

the piezometric level in the aquifer. 

The realization of this technique needs of essential requirements as: 

 Permeable soils. Soil characteristics influence the choice of the most suitable method for the 

recharge, which can be digging ditches or other facilities in the unsaturated zone, or the drilling 

of wells to inject water directly into the aquifer. The design of the system requires to determine 

the infiltration rate of the soil, in order to check that the permeability of the unsaturated zone 

(NSZ) is appropriate and that there is no significant contamination sources (Bouwer, 2002). 

 Sufficiently transmissive aquifer. Aquifers should be unconfined and sufficiently transmissive to 

accommodate lateral flow of the infiltrated water away from the recharge area without 

forming high groundwater mounds that interfere with the infiltration process (Bouwer, 2002). 

The impact of an excessive rise of the piezometric level in high transmissive aquifers is 

minimized. This parameter has to be determined through field surveys and infiltration tests. 

 Appropriate water quality. In addition to avoid the transport of pre-existing contaminants, 

recharge water must present properties that avoid the formation of clogging layers on the 

infiltrating surfaces, the deterioration of the recharge facilities, etc. 

MAR is configured in recent years as an economic and effective tool in water resources 

management in comparison to large hydraulic facilities. For example, the realization of 

dams/reservoirs is a process that takes a very long time (even for the social acceptability of these 

projects), occupying and transforming large portions of territory, in addition to construction costs 

that are quantifiable in tens of millions of euros. Furthermore, they often do not offer an adequate 

solution to the problem of the water supply, as the potential lack of rainfall during the autumn-
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spring period undermines this kind of systems. The desalination plants still present issues related 

to the production of brines and the high costs of realization, management and maintenance 

(especially related to energy consumption). The reuse of treated wastewater is an option that 

encounters very often social resistances due to reasons related to public health and 

environmental protection. In comparison to reservoirs that have a storage capacity from 1 to  

5 hm3, MAR systems present considerable advantages, such as (Rossetto, 2014): 

 low investment costs: installation costs that are often less than about 1 €/m3 of stored water 

against a minimum of 5-6 €/m3 of the realization cost for the reservoirs; 

 as aquifers usually have a large extent, they can store large water volumes, even during periods 

when the reservoirs would reach the highest level; 

 taking advantage of the transport capacity in aquifers, they reduce the costs of the water 

transfer; 

 requiring limited areas for their realization, they imply minimal loss of land and it’s more simple 

to identify suitable sites for their implementation; 

 they can be installed to recharge aquifers affected by seawater intrusion, for their 

requalification; 

 essentially zero evaporation from the aquifer; 

 limited emissions of greenhouse gases in the atmosphere. 

Anyway, the MAR systems implementation cannot leave out of consideration an appropriate 

investigation plan for the hydrogeological and hydrogeochemical characterization of the 

intervention area to assess the feasibility of the facilities and the potential risk of water quality 

degradation. Another important aspect to consider is the project economical sustainability. 

2.2.3. Hydrodynamic process of MAR 

Hydrodynamic process of managed aquifer recharge consists of the following phases (Fernández 

Escalante, 2004): 

 Phase 1. Formation and advance of the humidification bulb. 

This is the phase from the moment the water arrives to the infiltration basin/trench (or other 

MAR facilities) and when the water begins to infiltrate. In the unsaturated zone (NSZ) the flow 

is essentially vertical, and the percolating water gradually occupies an increasingly larger 

percentage of voids generating a descending humidification bulb (Fig. 2.2). The incoming flow 
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must be large enough to humidify progressively the unsaturated zone and allow the humid bulb 

front reaches the saturated zone. The infiltration rate numerically is similar to vertical hydraulic 

conductivity in the NSZ, because the movement is carried out primarily by gravity and the 

hydraulic gradient is unitary. The capillary fringe usually has a thickness of 0.3 m for medium 

sands, a little more for fine sands (Bouwer, 1982). The thickness of the water depth affects the 

infiltration rate: in surface infiltration systems, it does not increase with increasing water depth, 

for which it is advisable to not exceed 0.5 m (Bouwer, 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Formation of the humidification bulb (from Fernandez Escalante, 2004) 

 

 

 Phase 2. Bulging of the piezometric surface 

When the humid front reaches the upper limit of the saturated zone, the piezometric level 

begins to show a bulge upwards (Fig. 2.3). The humidification bulb came into vertical control. 

All the introduced water is stored forming a crest that is increasing. When this contact occurs, 

the infiltration rate decreases (Dillon and Ligget, 1983). The three-dimensional growth 

continues, until reaching a control limit that prevents the expansion. Figs. 2.3 and 2.4 show a 

recharge system in vertical control, where the crest increases up to reach the base of the 

infiltration basin/trench. At this stage the vertical growth ceases but not the lateral extension. 

The expansion rate is controlled by the hydraulic gradient or humidification bulb slope. 
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Figure 2.3. Bulging of the piezometric surface (from Fernández Escalante, 2004) 

 

 

 

 

 

 

 

 

 

Figure 2.4. Humidification bulb in vertical control (from Fernández Escalante, 2004) 

 

 Phase 3. Recharge in stable regime 

Once the humidification bulb has reached the vertical and lateral control limit, the water 

volume does not vary into the aquifer, thus the incoming volume is theoretically similar to that 

outgoing: the aquifer theoretically is in steady state condition (Fig. 2.5). 

 Phase 4. Disappearance of the crest of water when artificial recharge ceases 

The water that is stored above the piezometric level remains temporarily there. When the 

recharge ceases, it drains gradually toward the lateral control limits to fit into the natural 

piezometric surface. 
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Figure 2.5. Humidification bulb in vertical control and lateral control (from Fernández Escalante, 2004) 

 

2.2.4. MAR classifications 

A wide range of MAR techniques, possible variations and combinations are used to meet a variety 

of local conditions, related to the type of aquifer, topography, land use and intended uses of the 

recovered water, in order to achieve the best performances and effectiveness. Fig. 2.6 shows 

some examples of recharge methods for different aquifers. A prerequisite in MAR is the availability 

of a close water source, with a sufficient volume and an appropriate quality. As MAR can use 

water with different origins and qualities, it’s fundamental to consider these aspects in the design 

and in the selection of the materials to use. 

 

 

 

 

 

 

 

 

 

Figure 2.6. Examples of recharge methods for different aquifers (from Dillon et al., 2009) 
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In the last fifteen years, several classifications of the MAR techniques were proposed. Bouwer 

(2002) classified MAR systems in 3 main categories: 

 Surface infiltration systems. They are divided into in-channel and off-channel systems. In-

channel systems consist of dams placed across ephemeral or perennial streams to back the 

water up and spread it out, in order to increase the wetted area of the streambed or floodplain, 

to foster the infiltration of water into the ground and the movement downward to the aquifer. 

Off-channel surface systems consist of infiltration basins, lagoons, old gravel pits, flood-

irrigated fields, perforated pipes, or any other facility where water is put or spread on the 

ground for infiltration into the soil and then moves down to underlying groundwater. 

 Vertical infiltration systems. They consist of trenches or wells in the vadose zone and they are 

used where soils are not sufficiently permeable and/or sufficient land areas are not available. 

Recharge trenches are dug and are typically less than about 1 m wide and up to about 5 m 

deep. Vadose-zone wells (also called recharge shafts or dry wells) are also dug and they are 

about 1 m in diameter and as much as 60 m deep. 

 Direct recharge or injection wells. They are used to recharge aquifers that are confined and/or 

deep. In this category the ASR (Aquifer Storage and Recovery) wells are included: they are a 

combination of recharge and pumped wells and they are used for recharge when surplus water 

is available and for pumping during water shortage or higher demand periods. 

Gale (2005) described a total of 15 MAR devices grouped in 5 classes (Fig. 2.7): 

 Spreading methods 

 Infiltration ponds and basins; 

 Soil Aquifer Treatment (SAT); 

 Controlled flooding; 

 Incidental recharge from irrigation; 

 In-channel modifications 

 Percolation ponds behind check- dams, gabions, etc.; 

 Sand storage dams; 

 Subsurface dams; 

 Leaky dams and recharge releases; 

 Well, shaft and borehole recharge 

 Open wells and shafts; 



27 
 

 Aquifer Storage and Recovery (ASR); 

 Induced bank infiltration 

 Bank filtration; 

 Inter-dune filtration; 

 Rainwater harvesting 

 Field bunds etc.; 

 Roof-top rainwater harvesting. 

 

Figure 2.7. MAR devices classification proposed by Gale (2005) (from Hannappel et al., 2014) 

 

The most recent classification is that proposed by DINA-MAR project in 2010 and updated by 

MARSOL project in 2014. DINA-MAR (Depth Investigation of New Activities for Managed Aquifer 
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Recharge, 2007-2011) was a Spanish R&D project, funded by the Tragsa Group, which aimed to 

establish which areas in Spain are liable to be used for MAR, within the framework of sustainable 

development and following standards involving minimum negative environmental impact 

(Fernández Escalante and San Sebastián Sauto, 2012). MARSOL (Demonstrating Managed Aquifer 

Recharge as a Solution to Water Scarcity and Drought, 2013-2015) was a FP7 project, funded by 

EU, whose main objective was to demonstrate that MAR is a sound, safe and sustainable strategy 

that can be applied with great confidence to increase the availability of freshwater under 

conditions of water scarcity. Furthermore, MARSOL aimed to stimulate the use of reclaimed water 

and other alternative water sources in MAR and to optimize water resources management 

through storage of excess water to be recovered in times of shortage or by influencing gradients 

(MARSOL, 2014). An inventory of MAR devices available at a global scale was realized by DINA-

MAR project. These were grouped according to the Gale’s classification (Gale, 2005), adding to this 

9 new devices and making some slight changes. In 2014, MARSOL project included one more 

device. The new devices are generally based on variations of irrigation systems that increase water 

return to aquifers and the implementation of MAR techniques in urban zones. The resulting 

classification consists of 25 devices grouped in 6 classes (Fig. 2.8): 

 Dispersion systems; 

 In-channel modifications systems; 

 Wells, shafts and boreholes; 

 Filtration systems; 

 Rainwater harvesting systems; 

 SUDS (Sustainable Urban Drainage Systems). 

For each class, a brief description of the main characteristics of each device (DINA-MAR, 2010) is 

reported in the sections below. 
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Figure 2.8. MAR classification proposed by DINA-MAR and MARSOL projects (modified from Fernández Escalante and San Sebastián Sauto, 2012 and from Fernández Escalante et 
al., 2015) 
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2.2.5. Dispersion systems 

Dispersion systems consist in the distribution of the recharge water on a permeable surface, 

through which water infiltrates into the unsaturated zone up to reach the saturated zone of the 

aquifer. These systems are used to recharge unconfined aquifers and require permeable outcrops 

as well as the proximity of a reliable water source, in terms of quantity and quality. In general, the 

quality standards required for the recharge water in this type of systems are less than that for the 

deeper ones, since the unsaturated zone represents a natural treatment filter that improves water 

quality with respect to its original condition. 

2.2.5.1. Infiltration ponds 

The infiltration ponds present important design differences from the reservoirs in terms of 

morphology, storage capacity, materials and maintenance. These aspects depend largely on the 

recharge water quality, local hydrogeological conditions and the desirable device performance. 

The basins are constituted by a depression in the ground (natural or artificial), with inclined walls 

and the bottom which must be as horizontal as possible, to make sure that the infiltration is 

homogeneous. The walls and the bottom of the basin must have a high infiltration capacity. The 

most important hydrogeological conditions that must be met are: unconfined aquifer, high 

storativity and transmissivity. Alluvial deposits, dune systems and selected detrital deposits are 

the most suitable. However, it should be considered that transmissivity values too high can lead to 

a rapid recharge water dispersion, which would make it difficult its recovery. It is also important 

that materials outcropping on surface maintain a high permeability to enhance the infiltration 

rate. In Fig. 2.9a,b, some examples of infiltrations ponds are illustrated. 

The realization of these systems presents some inconveniences. To obtain a minimum volume of 

artificial recharge into the aquifer is necessary that the infiltration area is sufficiently extended and 

this implies the occupation of large areas of land. Furthermore, since the infiltration should be as 

homogeneous as possible, these surfaces should be as flat as possible. 

Water quality influences a lot the design and the maintenance of the infiltration ponds. The main 

problem is clogging of the infiltrating surface and resulting reduction in infiltration rates, that 

affects the walls, the bottom of the basin, even up depth of 50-60 cm. If water originates from a 

drinkable source, these problems will be smaller than using treated wastewater. In general, it is 

convenient to build an upstream treatment system, using basins arranged in succession, filters 
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inserted in the supply system, the division into compartments of one of the basin or the 

construction of platforms to facilitate the sedimentation of the suspended solids before reaching 

the pond, avoiding as much as possible the increase of the dissolved gases. The realization of 

furrows or the scarification of the bottom are useful techniques to enhance infiltration and 

facilitate the sedimentation of fine materials in the hollows (for further details see section 2.2.13). 

The water thickness is another very influential factor, since an excessive weight compacts the 

bottom and decreases the infiltration rate, whereas too small thickness does not induce the 

necessary pressure to increase it. High values in terms of infiltration rate were obtained in 

experimental laboratory tests within the DINA-MAR project, with water thickness of about 80 cm. 

 

 
Figure 2.9. (a) Infiltration pond in Atlantis, South Africa (from IGRAC, 2008); (b) Infiltration pond in Santiuste, Segovia 
(Spain) (from Fernández Escalante, 2016) 

 

2.2.5.2. Channels and infiltration ditches 

Unlike the infiltration ponds, channels have much less requirements regarding the availability of 

surfaces or slope of the ground. Furthermore, eutrophication risk of water is lower than in the 

ponds, as the water flows continuously through the channel. The main difference between 

channels and infiltration ditches is that, while channels are installed to conduct the water through 

the more permeable zones or bring it up to reservoirs increasing the infiltration, the ditches are 

structures to capture the runoff, besides reducing significantly the slope erosion, increasing the 

natural infiltration and thus the aquifer recharge. Other differences between these two MAR 

devices is that the ditches are often installed in series, while the channels tend to have a 

continuous path. 

a b 
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The infiltration channel is defined as a surface facility to transport the recharge water enhancing 

the infiltration. The channel is constituted by a more or less linear structure built on the ground or 

dug, with an inverted trapezoidal section. Both the design and the layout should be studied 

considering the topographical and hydrogeological characteristics of the intervention area. Thanks 

to its smaller size, the channels can be placed in locations with a higher slope than the basins, 

where permeability is as much as possible and availability of land is less. This MAR technique is 

very similar to that of infiltration basins. The main difference is that the water infiltrates "on the 

move". 

The channels are typically built on detrital deposits and alteration surface (regolith) of hard rocks, 

where artificial recharge takes place directly from the bottom of the channel to the aquifer. 

Hydrogeological characteristics of the receiving medium are very similar to those required for the 

installation of infiltration ponds, since surface physical properties (slope, land availability) have a 

greater influence, as well as the three-dimensional morphology of the aquifer. In rock aquifers, in 

which the permeability is due to the fracturing of rock and the degree of surface alteration, the 

channels can become a very important MAR system, knowing the size and the type of connection 

for the different families of fractures, especially those which can be collect the most amount of 

water. An example of this type of channels on rock are the so-called "Amunas", in Peru. It is an 

ancient technique of artificial recharge that takes advantage of the rock structure (fractures or 

high permeability surface material), ensuring the water availability from the springs during the dry 

period (Apaza Idme, 2006). Another example of managed aquifer recharge through the channels, 

is represented by “Careos” of the Alpujarras (Granada and Almería). This is also an ancient 

technique of Arabian origin that uses the thaw of the Sierra Nevada for the aquifer recharge in 

irrigated areas of the southern side. 

For the infiltration ditches realization is necessary a surface layer of soft material that allows their 

excavation in the ground, in contrast to the channels that can be realized on the rock. The ditches 

cannot be built on a totally eroded soil, where the rocky substrate is exposed on the surface. 

Ditches are devices that are used primarily to reduce water erosion on steep slopes. They are 

usually dug perpendicular to the lines of maximum slope, with a layout that is semi-parallel to the 

contour lines. Usually, an overflow channel is realized to avoid the destruction of the ditches in 

case of heavy rains. Infiltration ditches, besides being structures to reduce the surface water 

erosion, also they allow the managed aquifer recharge. As holding the runoff and increasing the 



33 
 

residence time on the slope, they foster the infiltration. Therefore, on steep slopes they are 

usually built in large numbers, narrow and deeper, while on gentler slopes they can be several 

meters wide. If the slope, where ditches are realized, has an inclination between 2% and 45%, it is 

advisable to build them following the contours lines. On steep slopes, the runoff velocity will be 

greater, then the distance between them should be lower, in order to allow the infiltration of the 

greatest possible volume of runoff water. 

2.2.5.3. Soil and Aquifer Treatment (SAT) techniques 

Water reuse is increasingly representing an alternative to take into account, at a time when both 

the water demand and the respect for the environment are growing. The SAT (Soil Aquifer 

Treatment) techniques are presented as an important alternative to be taken into consideration to 

convert a problem, as the removal of wastewater, into a resource. 

It should be remarked that in the last years the term SAT is used to define managed aquifer 

recharge operations with reclaimed water from wastewater treatment plants. However, in the 

classic Dutch connotation (Krul & Liefrinck, 1946), SATs means those techniques to be applied to 

increase infiltration rate by means of operations on soils, aquifers and recharge water. 

The most common of SAT techniques aim to eliminate or minimize certain contaminants that are 

at the MAR facilities, especially organic and nitrogen compounds, reduce clogging, eliminate 

suspended solids and microorganisms, as well as reduce phosphates, metals and the air dissolved 

in the water, by means of preventive and curative actions. These techniques can be implemented 

in the receiving medium, in the MAR devices, in the recharge water or combinations of them. In 

the case of treated water, after its passage through the soil and the aquifer, it can be used for 

irrigation, urban uses, recreational, etc.. However, its use for human purpose is limited by the 

organic carbon content and emerging pollutants. It is necessary the use of other purification 

systems before the SAT, as reverse osmosis, carbon filters or dilution with native groundwater 

(Gale, 2005). Aspects related to SAT techniques will be addressed in more detail in section 2.2.13. 

An example of this type of techniques is the treatment plant of Shafdan, in Tel Aviv, to which a 

total of 300,000 m3 of waste water per day arrives for the treatment and production of water for 

agricultural use. The effluent from the treatment plant is led up to some of infiltration fields that 

are located in a dune system for its purification and for the artificial recharge of the aquifer. 
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2.2.5.4. Infiltration fields (flood and controlled spreading) 

This MAR technique is an ancient form of water management widely used in arid and semi-arid 

areas. One of the regions where it is more practiced is Pakistan, but it is also widely used in Asia, in 

Yemen, in the Horn of Africa and North Africa. 

"Water spreading" is a technique that basically consists in forcing the water to come out of its 

natural riverbed, for example through a system of channels or edges, towards the cultivated fields 

(Fig. 2.10). Normally this type of device is used in regions where rainfall is irregular and usually do 

not exceed 200 mm per year. 

 

 

 

 

 

 

 

Figure 2.10. Infiltration field in Omdel river, Namibia (from DINA-MAR, 2010) 

 

For the implementation of these MAR systems it is usually necessary to have wide plains 

characterized by flat and permeable bottoms (floodplains), where it’s possible to carry out the 

floods. The derivation of the river water through the channels allows the controlled release of 

water over a wide area. This sheet of water moves over the surface at very low speed, without 

minimally altering the soil surface. To control at all times the water thickness, banks or ditches 

should be installed to the edge of the flood plain, by surrounding it completely to prevent the 

flooding of unwanted areas. In these systems, the highest values of the infiltration rate are 

achieved in presence of soils that retain the vegetation and keep the surface layer intact. 

An example of this type of techniques is that of "boqueras", in the south-eastern Spain. They are 

hydraulic facilities aimed at capturing water which otherwise would probably be lost. 
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2.2.5.5. Accidental recharge by irrigation return 

Historically, the excess irrigation water in the channels and cultivated fields has caused numerous 

problems for floods and soil salinization. However, when this overwatering is controlled and 

managed properly, it can become a technique of managed aquifer recharge. Some changes in the 

morphology of the irrigation channels allow to increase the natural groundwater recharge. Among 

the different types of irrigation that are commonly used, those of surface are the best for MAR 

and in particular the method for flood and furrow irrigation. 

The use of treated wastewater for irrigation can act as a practical system of reuse and recovery of 

water, however, this can create problems on groundwater quality. However, the use of treated 

wastewater combined with a certain type of SAT technique can improve its quality and allow a 

broader use, both for irrigation, recovery of over-exploited aquifers, fight against seawater 

intrusion, restoration of wetlands, etc. 

2.2.5.6. Bofedales wetlands 

Bofedal (plural “bofedales”) is the Peruvian name that is used to describe areas of wetland 

vegetation that may have underlying peat layers in the Peruvian Andes. These areas are a key 

resource for traditional land management at high altitude (3000 – 4000 m). Because they retain 

water in the upper basins of the cordillera, they are important sources of water and forage for 

domesticated livestock (alpacas and llamas) as well as biodiversity hotspots, especially in drier 

areas with strong seasonality (Maldonado Felken, 2014). Bofedales occupy areas that receive 

water from melting glaciers, rivers, lakes and groundwater, in addition to precipitation, and store 

it in the upper basins of the cordillera. Runoff from bofedales is slow and, in many cases, water is 

filtered through the ground before resuming channeled flow at a lower level. They usually develop 

in flat areas around small ponds and along small streams and springs. Bofedales can be seasonal or 

permanent, as well as natural or artificial (Lane, 2009; Maldonado Felken, 2014). Their main 

function is to provide seasonally constant access to water, considering the alternation of dry and 

wet seasons as well as interruptions to the supply during freezing. The water may be derived from 

a variety of sources (rainfall, rivers, springs etc.) by making channels and wells. Nowadays, farmers 

still regard bofedales as core elements of the irrigation systems that are required to secure a good 

supply of food for breeding alpacas. 
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2.2.6. In-channel modification systems 

This group of MAR systems realized through in- channel modifications includes different types of 

dams: reservoir dams and dams or levees, permeable dams or sand dams, sub-surface dams, 

underground and drilled dams. 

2.2.6.1. Reservoir dams and dams or levees 

A variant of large dams, but on a smaller scale, are reservoir dams and dams or levees. The former 

are placed transversely in the riverbed in order to contain and canalize the surface flow; the 

second are generally installed in rivers where the flow is permanent throughout the year. In both 

cases, the stored water is usually extracted by wells from the aquifer or by pumps from the river 

bank. 

In regions where rainfalls are intermittent, discontinuous and also intense or slopes are steep, the 

surface water flows at high speed on the ground, significantly reducing the infiltration capacity 

and generating intense water erosion processes. The construction of the reservoir dams reduces 

the mechanical energy of surface flow and increases the time of concentration and the residence 

time of water in the catchment, fostering the natural infiltration into the ground. These dams 

occupy the entire width of the riverbed; they should be equipped with a spillway to drain the 

excess water, preventing the overflow through the sides of the dam, with the risk of seriously 

damaging the structure itself. In addition, it is necessary to have a dissipation system in the lower 

part of the dam, downstream, to minimize the erosion and deterioration of the structure due to 

cascading effect. The dam should be constructed with impermeable materials such as stone, brick 

or concrete to prevent seepage losses through the structure.  

Riverbeds, where the annual flow is permanent, allow the installation of another type of device: 

the dams or levees. They consist of a series of barriers arranged perpendicularly to the riverbed, 

which never completely block the flow. These barriers slow down the flow velocity in the channel, 

promoting the infiltration of water into the ground and then the recharge of the aquifer. Even in 

this case, the basic requirements are the occurrence of a shallow and unconfined aquifer, 

characterized by a high storativity and permeability, and an unsaturated zone sufficiently deep. 

The barriers are arranged alternately on different sides of the channel to slow the water velocity. 

They are linear structures, installed in the riverbed and made of impermeable materials. 
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2.2.6.2. Permeable dams/sand dams 

The main function of the permeable dams is to reduce the flow velocity, increasing the residence 

time of water in the catchment. For the sand dams instead, it is to retain also sediments and form 

a build-up to store water upstream of the dam. 

The permeable dams are structures which are arranged transversely to the river flow direction, 

from one side to the other of the riverbed, to retain a part of the flow, allowing a certain flow goes 

through them. They can significantly increase the natural infiltration. They are built with 

permeable materials, such as gravel and blocks. The dams also hold part of the sediment carried 

by the river, generating a filling which reduce the effectiveness and performance of the device. To 

reduce this impact the cleaning and maintenance is required. 

The sand dams are also built in the riverbeds and involve the accumulation of sediments (natural 

and anthropic) forming a highly permeable deposit, which can be considered as an "artificial 

aquifer" (Fig. 2.11). This stores a part of the surface water flow of the catchment. They are usually 

realized on undulating ground or in the valley of small rivers, in arid or semi-arid areas where 

rainfalls are intermittent and rivers are ephemeral, characterized by high energy and large 

sediment loads. Unlike the sub-surface dams that are usually realized on low-sloping ground, the 

sand dams tend to be used in areas with greater inclination. They must be installed on a rocky 

outcrop or a impermeable layer, in order to minimize losses by infiltration on the bottom. They 

must be built with permeable materials to allow the filtration of water downstream, where 

different types of crops can be cultivated.  

 

 

 

 

 

 

 

 

Figure 2.11. Sand dam in the Kitui District, Kenya (from DINA-MAR, 2010) 
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The water stored in the “artificial aquifer”, created upstream of the dam, can be extracted by dug 

wells or pumps. The water tends to be of good quality, because the sands of this “aquifer” filter 

large part of the suspended solids contained in the surface water. 

The main advantages of these devices are that significantly reduce evaporation losses, improve 

water quality and decrease the likelihood of diseases, as minimize the exposure of surface water 

to external agents. They are also cost-effective than other alternatives and have a long useful-life. 

2.2.6.3. Levees 

Another type of MAR facilities, that involve modifications in the riverbed, are the levees, also 

called "T" and "L" levees (because of their shape) (Fig. 2.12a,b). They are installed in 

rivers/channels to reduce the flow velocity and promote the natural recharge. The levees are 

arranged on both sides of the channel, with the aim to reproduce the natural movement of the 

meandering rivers: in fact more sinuos is the riverbed, lower is the velocity and greater the 

infiltration rate. These devices are realized in the riverbed using machines as excavators, 

transversely to the flow direction. The height of the dam crown just exceeds the average water 

thickness to prevent flooding. There are two types of levees: T-shaped and L-shaped. Both are 

arranged perpendicularly to the river bank, with the shortest section perpendicular to the river 

direction, while the longest one is parallel to the river side. 

 
Figure 2.12. (a) and (b) “T” and “L” levees in Santa Ana river in Anaheim, California (USA) (from DINA-MAR, 2010) 

 

2.2.6.4. Riverbed scarification 

Riverbed scarification consists of its alteration to increase the natural infiltration and recharge the 

underlying aquifer. For this, it is necessary that this aquifer is shallow and unconfined, 

characterized by suitable hydrogeological properties, as high storativity and transmissivity. 

a b 
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The water flowing in the river contains suspended particles, which settle down on the permeable 

bottom and are retained in the voids between the gravel and sand (clogging). The consequence is 

the reduction of the porosity, the permeability, and the infiltration rate. During floods, the flow 

velocity increases and the material that was deposited on the bottom is removed and dragged by 

the current. This involves the cleaning of the bottom from sediments and the increase of 

infiltration. The same effects of this natural process, which occurs sporadically, can be achieved 

artificially through the scarification of the riverbed, to remove the fine materials that are 

deposited on the bottom. 

2.2.6.5. Sub-surface/underground dams 

In arid and semi-arid regions, the construction of small surface dams causes often large 

evaporation losses. The sub-surface dams represent a viable alternative to reduce this impact, if 

the necessary requirements for its installation are met. 

For the installation of a sub-surface dam it is essential the occurrence of an unconfined aquifer, 

close to the surface, with an underlying impermeable layer which prevents the losses of the 

recharge water. These dams are indicated on lands where the topographic gradient is low, 

whereas in steeper areas is recommended the installation of the sand dams. The dam should be 

built with impermeable materials to limit the sub-surface water flow. 

2.2.6.6. Drilled dams 

Drilled dams, in general, are used in ephemeral rivers, characterized by fast flow and a high 

suspended solid transport. In these cases, the residence time of water in the catchment is 

insufficient to have enough infiltration and the water tends to be lost by evaporation, or as 

contributions to other rivers or the sea. 

This device consist of a dam constructed with semi-permeable materials, which includes in its base 

one or more pipes to allow the water outlet to downstream, following the riverbed and promoting 

the infiltration on a greater surface (Fig. 2.13). 
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Figure 2.13. Drilled dam in Santa Cruz de la Zarza, Toledo (Spain) (from DINA-MAR, 2010) 

 

2.2.7. Wells, shafts and boreholes 

MAR systems such as wells, boreholes etc., tend to be used in areas where the use of surface 

systems is inadequate, or for the lack of available space, or because the aquifer is little 

transmissive or because a succession of permeable and impermeable layers occurs. 

Some of MAR techniques in depth included in this group are: galleries, wells, mini-boreholes, 

boreholes (injection wells), ASR/ASTR (Aquifer Storage and Recovery/Aquifer Storage Transfer and 

Recovery) and injecting through sinkholes. 

2.2.7.1. Qanats (underground galleries) 

The system called qanats (meaning "dig") was invented thousands of years ago and, thanks to its 

simplicity and effectiveness, it is also easily spread to China, the Middle East, and the 

Mediterranean. Qanats were also found in western Mexico, in the regions of Atacama (Peru), as 

well as in Nazca and Pica (Chile). 

The main function of this MAR system is to drain by gravity the water from the aquifers located at 

the higher elevations towards the piedmont and valley areas. However, there are also qanats that 

exploit alluvial aquifers or other aquifers situated at sea level. This system has allowed the 

creation of orchards in arid or semi-arid regions, even in times of severe drought, during which the 

availability of surface water was very scarce. 

Qanats are constituted by a main tunnel that flows, with a slight inclination, from the aquifers to 

the topographically lower area. Along the main tunnel there are a series of excavated vertical 

wells, whose functions are: to ensure the ventilation, allow access for maintenance and the 
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removal of the excavated material. Qanats are often dug into the side of mountains or hills, when 

there is a permeable formation, as an alluvial fan, in the foothills. The construction techniques 

have remained substantially unchanged. 

2.2.7.2. Open infiltration wells 

This type of MAR device is used when there are surface layers with low permeability above the 

aquifer most suitable for MAR. Furthermore, it is indicated, given its punctual character, when the 

availability of surfaces is low and it is not possible to implement dispersion systems. 

This wells (also called dry wells) are characterized by a large diameter, about 1-2 m and a depth, 

usually, from 5 to 15 m (Bouwer, 2002) (Fig. 2.14a). It’s advisable to fill the well with gravel and 

coarse sand to promote infiltration and reduce maintenance costs in case of obstruction. The 

recharge water is injected or poured from the surface (Fig. 2.14b). The reuse of existing structures, 

such as wells or mines in disuse to recharge the aquifer, significantly reduces the cost of 

implementation. 

 

 

 

 

 

 

 
 

Figure 2.14. (a) Scheme of a dry well (from Bouwer, 2002); (b) Open infiltration well in Graz, Austria (from DINA-MAR, 
2010) 

 

Although open infiltration wells are more effective in some cases than dispersion systems, they 

can be affected by contamination and clogging that depend on the recharge water quality. In fact, 

in contrast to what happens for the dispersion systems, in this case the natural filtration of 

suspended solids, nitrogen compounds, bacteria, etc., does not occur. A recommended option is 

to insert specific devices, such as filters or settling systems. Ultimately, the water pre-treatment is 

a b 
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probably the most effective measure to effect the artificial recharge through these devices with 

the highest performance. 

2.2.7.3. Deep wells and mini-boreholes 

The main difference of the deep wells compared to the open infiltration wells is the depth that 

depends on the permeability and especially the thickness of the layers with low permeability 

overlying the aquifer identified as target of the recharge. The characteristics in terms of coating, 

filling, maintenance, recharge water quality, costs, etc., are very similar to those described above 

for the open wells, except for differences due to construction details: they have a smaller 

diameter, and normally they are realized with different materials and construction systems. 

The mini-boreholes are frequent in detrital fine-grained unconfined or semi-confined aquifers and 

usually have depths up to 30 m. They have very similar characteristics to those of the boreholes.  

2.2.7.4. Boreholes 

Unlike the open or deep wells, in the boreholes the water is usually injected directly into the 

aquifer using pumps or other mechanism of impulsion, whereas in wells, it infiltrates down to the 

more permeable layers by gravity. 

These are more appropriate systems for aquifers in which the hydrogeological parameters are not 

so high in terms of transmissivity and storativity and the introduction of water under pressure is 

required to reach feasible and cost-effective recharge rates. In the case of injection boreholes, the 

water is injected in the aquifer and flows naturally by following the hydraulic gradient of the area, 

to be then recovered through boreholes or springs. 

These MAR systems are also used to tackle seawater intrusion in coastal aquifers, often due to 

their over-exploitation, as in the case of Los Angeles (California) and Llobegrat (Barcelona). The 

managed recharge of these aquifers is carried out through a battery of boreholes, which creates a 

hydraulic barrier against seawater intrusion. In the case of Barcelona, at least in the first phase, 

the battery was constituted by 5 boreholes with a depth of 70 m at a distance of 300 m from each 

other (DINA-MAR, 2010). 

2.2.7.5. Sinkholes and collapses 

The use of sinkholes and natural collapses for MAR can be considered as another type of device 

included within the group of deep MAR systems. The sinkholes are closed depressions of karst 
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origin that concentrate runoff allowing its infiltration to the deepest parts of the karst. They are 

often linked with a deep karst system, which have the function of storage and distribution 

network of the artificial recharge water. The artificial recharge water is conducted from the source 

that can be a river, as well as a channel or a lagoon, until the sinkhole or collapse and then is 

introduced through this into the aquifer. In times of peak demand or in emergency situations, the 

water can be extracted through pumping by boreholes. 

2.2.7.6. ASR and ASTR 

The MAR technique ASR (Aquifer Storage & Recovery) consists of a single borehole, which is used 

both for the injection of the recharge water in the aquifer and for its recovery (Fig. 2.15a,b). At 

times when there is a water surplus in the catchment, due to rainy periods or excess production of 

wastewater treatment or desalination plants, which coincides with a lower demand for this 

resource, the surplus can be used to MAR by injection. When the water demand increases or 

during periods of drought or emergency, it is available a higher water volume in the aquifer 

reserves to address this situation. The increase in ASR systems in the last 15 years was motivated 

by the proliferation of desalination, water and wastewater treatment plants. This plants have a 

maximum efficiency when they function at full load and at constant regime throughout the year. 

As the demand that they tend to cover has a modulation or seasonal variation, the use of a 

regulation system with underground storage, as ASR, allows to optimize the size of the plant, 

obtaining important economies of scale, since the capacity of these plants is dimensioned in 

function the average demand and not the maximum (DINA-MAR, 2010). 

 

 
Figure 2.15. Scheme of a ASR system: (a) injection phase; (b) recovery phase. (from DINA-MAR, 2010) 

 

a b 
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The ASR technique can be used in different types of aquifers, although it is preferred the use of 

these devices in consolidated aquifers. In the case of fractured aquifers (hard rocks), in which the 

main permeability is due to fracturing of the rock massif, the ASR method is configured as 

successful also to achieve low discharge rate (Murray and Tredoux, 2002). Also the alluvial aquifers 

that consist of coarse detrital materials are suitable for the use of this technique. It should pay 

particular attention to clogging that can occur in boreholes as a result of the accumulation of 

organic matter and colloidal particles. In aquifers hosted in unconsolidated fine-grained materials 

more problems occur and higher quality of the injected water is required. The content of organic 

matter and suspended solids should be very low to avoid chronic reductions in the efficiency of 

ASR devices. 

The ASR method has some advantages over other MAR systems: 

 the recovery cycle produces a wash, with the creation of a reverse circulation which reduces 

the clogging processes; 

 it is possible to install them in multilayer aquifers, where the vertical infiltration capacity is 

reduced for the presence of low permeability layers. 

The main difference between the ASR and the ASTR (Aquifer Storage Transfer & Recovery) systems 

is that in the former the water is injected and recovered through a single borehole, instead in 

ASTR the water is injected into a borehole and is recovered through another/s borehole/s that 

is/are located at a variable distance, sometimes even several kilometres (Fig. 2.16). 

 

 

 

 

 

 

 

 
Figure 2.16. Scheme of a ASTR system (from DINA-MAR, 2010) 

 



45 
 

In ASTR, an induced filtration of the recharge water occurs during its passage through the aquifer, 

from the injection borehole to that of recovery. This filtration varies depending the 

hydrogeological characteristics of the aquifer, such as the residence time, the structure and 

composition of the aquifer, the hydraulic gradient, etc.. The requirements for the ASTR are very 

similar and in some cases superior to those of the ASR, as, in the absence of the recovery through 

the same injection well, the washing processes do not take place. 

2.2.8. Filtration systems 

The filtration systems are devices that use both existing artificial plants and natural environments 

in order to introduce some anthropic modifications that increase the infiltration rate or natural 

recharge. They consist in: River Bank Filtration (RBF), interdune filtration and underground 

irrigation systems. 

2.2.8.1. River Bank Filtration (RBF) 

Interactions between groundwater and surface water basically proceed in two ways: groundwater 

flows through the riverbed into the river (gaining river), and surface water infiltrates through the 

sediments into the groundwater (losing river). Often, a river is gaining in some reaches and losing 

in other reaches. The direction of the exchange flow depends on the hydraulic head. In gaining 

reaches, the elevation of the groundwater table is higher than the elevation of the stream stage. 

Conversely, in losing reaches the elevation of the groundwater table is lower than the elevation of 

the stream stage (Kalbus et al., 2006). In those cases where the flow is from the river to the 

aquifer, the river-bottom materials and the aquifer act as a filter, largely purifying the flowing 

water. This situation is exploited through the realization of wells close to the river to extract this 

filtered water. Riverbank Filtration (RBF) systems commonly consist of a gallery or a line of 

boreholes at a short distance from and parallel to the bank of a surface water body. Pumping of 

the boreholes lowers the groundwater table adjacent to the river, enhancing the natural 

infiltration for "call effect" and inducing river water to enter the aquifer system (Gale, 2005). The 

phenomenon increases when the bed and the banks of the rivers are highly permeable and non-

coated. 

The main factors to consider for a maximum efficiency of these MAR devices are: 

 the availability of a reliable source of water (main); 

 the recharge water quality must be acceptable; 
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 high permeability of the riverbed deposits; 

 shallow and unconfined aquifer; 

 aquifer characterized by high transmissivity and permeability. 

To ensure a satisfactory purification of the surface water in the ground, it is recommended that 

the travel time through the soil and unsaturated zone should exceed 30 to 60 days (Huisman and 

Olsthoorn, 1983). Therefore, the distance between the line of wells and the surface water body 

should be sufficient to ensure this travel time. 

One of the main advantages offered by this method compared to the direct extraction of water 

from a surface water body, is that the subsequent treatment to purify the water extracted is 

minimal. This makes possible the use of this resource for purposes that require high-quality 

drinking water for public water supply and for some industrial uses, taking into account the 

absence or the low content of contaminants. 

2.2.8.2. Inter-dune filtration 

Inter-dune filtration is another filtration system, very similar to RBF, which, in addition to aquifer 

recharge, through a finer filtration, improves the recharge water quality. It is a typical device but 

not exclusive of coastal areas, used to contrast seawater intrusion, because it increases the 

groundwater quantity and quality in coastal aquifers that are recharged artificially along the 

freshwater - seawater interface. 

Such techniques have been widely used in coastal areas of the Netherlands, with fluvial waters. 

The water is pumped or derived for gravity from a river, channel or other water source to the 

valleys between coastal sand dunes. From here the water infiltrates by gravity and moves through 

the soil towards the aquifer. 

2.2.8.3 .Underground irrigation 

The underground irrigation, unlike the sub-surface irrigation, is the application of water in deeper 

areas than the latter. The application of this method aims to achieve both the creation of humid 

fringes at the desired depth, and perched aquifers or artificial phreatic levels. 

The underground irrigation can be realized in different ways: 

 through conventional drip tubes; 

 through conventional drainage pipes, 
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 through the raising of the natural piezometric levels through artificial recharge devices. 

The latter method can be of interest in certain areas with relatively shallow phreatic aquifers, 

since it is possible to increase their groundwater reserves, avoiding phenomena such as 

evaporation, and at the same time satisfying the irrigation needs. As a precautionary measure, it is 

advisable to install a drainage system to prevent accidental increases in piezometric level (such as 

in an unusually long rainy period) to avoid possible root asphyxia in the crops. 

2.2.9. Rainwater harvesting systems 

Water harvesting has been used in India, the Middle East, the Americas and Africa throughout 

history, and was the backbone of agriculture especially in arid and semi-arid areas worldwide. 

Water harvesting (WH) has been defined and classified in a number of ways by various authors 

over the years. Mekdaschi Studer and Liniger (2013) defined water harvesting as: “the collection 

and management of floodwater or rainwater runoff to increase water availability for domestic and 

agricultural use as well as ecosystem sustenance”. Whichever system is used, the aim is to 

significantly reduce surface runoff and evaporation in order to enhance agricultural production, to 

increase water availability for domestic and livestock use and, often unintentionally, enhance 

groundwater recharge (Gale, 2005). 

The basic components of a water harvesting system are: 

 Catchment or collection area: this is where rain in the form of runoff is harvested. The 

catchment may be as small as a few square meters or as large as several square kilometres. It 

may be a rooftop, a paved road, compacted surfaces, rocky areas or open rangelands, 

cultivated or uncultivated land and natural slopes. 

 Conveyance system: this is where runoff is conveyed through gutters, pipes (in case of rooftop 

WH) or overland, rill, gully or channel flow and either diverted onto cultivated fields (where 

water is stored in the soil) or into specifically designed storage facilities. 

 Storage component: this is where harvested runoff water is stored until it is used by people, 

animals or plants. Water may be stored in the soil profile as soil moisture, or above ground 

(jars, ponds or reservoirs), or underground (cisterns) or as groundwater (shallow aquifers) 

(Oweis et al., 2012). 
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 Application area or target: this is where the harvested water is put into use either for domestic 

consumption (drinking and other household uses), for livestock consumption, or agricultural 

use (including supplementary irrigation). 

In some cases the components are adjacent to each other, in other cases they are connected by a 

conveyance system. The storage and application areas may also be the same, typically where 

water is concentrated in the soil for direct use by plants. 

Water harvesting may occur naturally, for example in depressions, or “artificially” through human 

intervention. Artificial WH often involves interventions to improve precipitation collection and to 

direct runoff to the application area. 

The classification of water harvesting can be based on catchment type and size, distinguishing four 

groups (Mekdaschi Studer and Liniger, 2013): 

 Floodwater harvesting can be defined as the collection and storage of ephemeral channel flow 

for irrigation of crops, fodder and trees, and for groundwater recharge. The catchment area 

may be several kilometres long. In areas where evaporation exceeds rainfall, floodwater 

harvesting systems provide an option for the optimal use of water during flood events. 

Floodwater harvesting can be further classified into: 

 Floodwater diversion/off-streambed system: the channel water either floods over the 

river/channel bank onto adjacent plains (wild flooding) or is forced to leave its natural 

course and conveyed to nearby fields. Spate irrigation is an alternative name, often applied 

to ancient systems of floodwater diversion. 

 Floodwater harvesting within streambed: the water flow is dammed and as a result, is 

ponded within the streambed. The water is forced to infiltrate and the accumulated soil 

water is used for agriculture. This category includes the traditional WH structures that are 

largely used in South-East Tunisia: jessour and tabias (Ouessar et al., 2009; Ouessar, 2007). 

A detailed description is reported in the section 3.2.4. 

 Macrocatchment WH is a method of harvesting runoff water from a natural catchment such as 

the slope of a mountain or hill. It may be: 

 runoff collection from shallow soils or sealed and compacted surfaces; 

 direct diversion and spreading of overland surface water flow onto application area at the 

foot of hills or flat terrain (mainly cultivated areas) or 

 impeding and collecting runoff through barriers and storage facilities. 



49 
 

The harvested water is mainly used for crop and livestock production but also for domestic use, 

depending on the quantity and quality. 

 Microcatchment WH is a method of collecting surface runoff/sheet (and sometimes rill flow) 

from small catchments of short length. Runoff water is concentrated in an adjacent application 

area and stored in the root zone for direct use by plants. Catchment and application areas 

alternate within the same field, thus rainwater is concentrated within a confined area where 

plants are grown. Hence, the system is replicated many times in an identical pattern. 

 Rooftop and Courtyard WH are getting more and more popular in both developed and 

emerging economy countries (e.g. Australia, the Caribbean, China, India, and the South-Pacific) 

to secure/improve water supply for domestic use such as sanitation or garden irrigation. 

 Rooftop WH: harvesting of rainwater can be from roofs of private, public or commercial 

buildings (e.g. greenhouses, schools). The effective area of the roof and local annual rainfall 

will determine the volume of the rainwater that can be captured. Rainfall collected from 

roofs is used for drinking; especially in areas where tap water is unavailable or unreliable. 

These systems are used in most tropical and sub-tropical countries. 

 Courtyard WH: rainwater is collected from compacted, paved surfaces or where plastic 

sheeting has been laid out. The slope and permeability affects the amount of rainwater 

that can be collected. The water may be stored above or below ground. 

The applicability and impact of water harvesting technologies depend on local conditions. 

Improving the efficiency with which rainfall is used reduces pressure on traditional water 

resources and hence on water itself. It can meet water needs for domestic uses and animal 

production where public supplies are not available (Oweis et al., 2102). Water harvesting offers a 

cheaper alternative to expensive water schemes in areas with low-input agriculture, particularly if 

the technology implemented builds on traditional practices. These are the direct benefits of WH; 

however there are also hidden indirect benefits such as environmental protection and 

socioeconomic advantages which are less obvious and more difficult to quantify. 

2.2.10. Sustainable Urban Drainage Systems (SUDS) 

The use of Sustainable Urban Drainage Systems (SUDS) is becoming a highly effective strategy to 

mitigate environmental impacts in urban and rural areas. It is a relatively new and constantly 

improving technology, however, there are still some aspects that require a strong development 



50 
 

such as design, costs, maintenance, etc. In this category also the artificial recharge due to 

accidental losses from water and sewer pipelines. 

2.2.10.1. Accidental recharge from pipelines 

Losses from pipelines of the drinking water urban distribution network and from pipelines of the 

wastewater and rainwater collection network can significantly contribute to groundwater 

recharge as well as flood control. 

Both losses by the distribution systems of large cities, and of small rural towns should be 

considered in terms of aquifer recharge volumes. Although it cannot be considered as an 

applicable system to solve water shortage problems, however, it should be indicated as MAR 

method, because it changes the natural recharge of the aquifer also greatly increasing it in some 

cases. 

2.2.10.2. SUDS 

As the world’s population is growing, cities sizes and the areas they occupy are increasing more 

and more, generating large impermeable areas and "heat islands", where the water behaviour is 

different than the rest of the catchment. Paved surfaces, car parks, roofs, etc., represent an 

important area within the urban environment where there is no natural infiltration or it is greatly 

reduced. Runoff water from the cleaning of these impermeable surfaces, is drained by making, in 

general, large amounts of pollutants to surface water bodies. 

Sustainable Urban Drainage Systems (SUDS) improve water behaviour within urbanized 

environments and form part of a “management chain” where the end objective is to “hold, slow 

down, infiltrate and store” rainwater. In other words, the idea is to restore the natural water cycle 

(Empresa de Transformación Agraria S.A., 2015). 

Among SUDS there is a wide range of possibilities for their application, both in rural areas and in 

big cities. The overall goal of this type of systems is the recovery of the higher volume of rain 

water as possible and the reduction of the content of suspended solids and other contaminants. 

They have a large number of advantages: in addition to being a water contribution for managed 

aquifer recharge, they reduce the volume and proportion of solids arriving at the main sewerage 

network and treatment plants, reduce the risk of flooding, substantially improve the quality of the 

effluents reducing the impact of their discharges into surface water bodies. 
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These drainage systems can be classified according to their function. Therefore they are divided 

into four main groups: 

 control systems at the origin; 

 permeable transport systems; 

 passive treatment systems; 

 preventive measures. 

The control systems at the origin reduce runoff and increase the initial infiltration. Within this 

group are included the installation of permeable surfaces and floors, the construction of wells and 

infiltration tanks for storage and infiltration of water runoff (Fig. 2.17a,b). 

 
Figure 2.17. Sustainable Drainage Systems: (a) Permeable paving and SUDS cells in the Gómeznarro Park, Madrid 
(Spain); (b) Permeable parking in Hallstatt, Austria (from DINA-MAR, 2010) 

 

Permeable transport systems include drains and green gutters. They store the runoff and then 

transport it to the sewage system, artificial wetlands, etc. These systems, in addition to purifying 

water, promote the infiltration and induced recharge of aquifers. 

The devices included in the group of passive treatment systems, have, as their main function, the 

removal of suspended solids, oils, organic matter and other pollutants derived from the washing of 

first rains. This group includes the drainage trenches and detention tanks (surface or 

underground). Both are typically found nearby of roads, for the sedimentation and filtration of the 

first washing water. 

a b 
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Concerning the preventive measures, their main goal would be the social awareness and 

environmental education, which would facilitate the operation and maintenance of the SUDS 

systems. 

2.2.11. MAR inventory in the world 

The FP7 DEMEAU “Demonstration of promising technologies to address emerging pollutants in 

water and waste water” Project (2012-2015) developed an European MAR catalogue, in the form 

of a relational database, that includes 270 MAR sites, widely distributed and applied on various 

scales in the European countries (Hannappel et al., 2014). 56 out of the 270 MAR sites (21%) were 

closed due to various reasons. For more than half of them the reason for closure is unknown, 

while many of the remaining sites were only used as pilot studies for a limited period of time. At 

other sites, operation has been suspended temporarily or was shut down entirely due to economic 

or political reasons. The spatial distribution of currently active MAR sites covers most of the 

European countries with distinct differences in occurrence frequency from region to region (Fig. 

2.18). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. Spatial distribution of MAR sites in Europe (from Hannappel et al., 2014) 
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The Netherlands, Belgium and West Germany can be considered as MAR hot spot regions, where 

river bank filtration is the dominant MAR type. Also in East Germany as well as along the Danube 

River in Austria and Hungary many bank filtration sites can be found. By contrast, other regions in 

Europe are not or sparsely represented, namely the Balkans region, Norway, Ireland, Denmark, the 

Baltic states and other eastern European countries (Hannappel et al., 2014). The distribution of the 

different MAR types is reported in the histogram in Fig. 2.19. Induced bank filtration, with 145 out 

of the 270 systems (54%), is the most dominant MAR type. In this rank, the second position is 

occupied by surface spreading methods with 79 systems (29%), mainly represented by infiltration 

ponds & basins with 61 sites (23%). Well, shaft and borehole recharge systems form the third 

largest group of main MAR types with 44 sites in Europe (16%) and in-channel modifications 

represent only the 0.7% (2 sites). Rainwater harvesting was not an applied MAR technology at any 

of the analyzed sites in Europe. 

 

 

 

 

 

 

 

 

 
Figure 2.19. Distribution of main MAR types in Europe (from Hannappel et al., 2014)  

 

Fig. 2.20 shows the distribution of MAR types per country. In terms of total numbers, Germany 

and The Netherlands together have 136 out of the 270 known MAR sites (50%), followed by 25 

Spanish and 13 French sites (9% and 5%, respectively). Finland, Sweden, Switzerland and the UK 

have between 10 and 18 sites (17% in total), while the remaining 19% of the sites are distributed 

amongst 15 other countries (Hannappel et al., 2014). River water (78%), lake water (11%) and 

reclaimed wastewater (4%) are the most common primary influent sources. Reclaimed 

wastewater is used as an influent source at twelve sites in Europe and in most cases used for 
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agricultural purposes. The most frequent final use is for domestic purposes (88%) followed by 

agricultural (8%), industrial and ecological purposes (2% each). Using MAR for agricultural 

purposes appears to be very common in Spain than anywhere else in Europe. Ecological uses are 

common in Germany, Spain and in The Netherlands while most industrial uses can be found in 

Germany (Hannappel et al., 2014). 

 

 

 

 

 

 

 

 

 
Figure 2.20. MAR type distribution per country in Europe (from Hannappel et al., 2014) 

 

 

In Italy, aquifer recharge has been traditionally applied unintentionally, by increasing river bank 

filtration or because of excess irrigation. A certain interest for MAR arose since the ‘70s, in 

particular through some experiences carried out in Tuscany, Veneto and Friuli Venezia Giulia. In 

the ‘90s, several MAR tests through injection boreholes were carried out in a heavily polluted 

sandy multi-layer aquifer in the industrial area of Portovesme (SW Sardinia) (Barbieri and Ghiglieri, 

1994; Ghiglieri, 1994). These tests aimed to assess the behaviour of this aquifer in response of 

managed aquifer recharge in order to evaluate the feasibility of a reclamation intervention. 

Recently, within the MARSOL project, two different MAR techniques as RBF and a Forest 

Infiltration Area (FIA) for ASR were tested in the demo sites along the Serchio river (Lucca, 

Tuscany) and in the river Brenta catchment (Vicenza, Veneto) respectively (MARSOL, 2014). The 

map in Fig. 2.21 shows the distribution of MAR sites in Italy, which do not have, in the most cases, 

a proper and dedicated monitoring system (Rossetto, 2016). Although the water shortage is more 

an issue in southern Italy, MAR applications are more diffused in the northern part of the country.  
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Figure 2.21. Distribution of MAR types in Italy (modified from Rossetto, 2016) 

 

The distribution of injection wells (AR) and ASR wells in the United States varies. Northeastern and 

midwestern states with relatively abundant drinking water may have not used AR and ASR widely. 

However, in many southeast, southwest and western states, ASR is a popular option to provide a 

reliable water supply. Since 2009, approximately 1,200 AR and ASR wells existed nationwide (Table 

2.1 and Fig. 2.22a,b). Most of the ASR wells are located in coastal areas in EPA Regions 4, 9, and 

10. The majority of AR wells are located in EPA Region 9. ASR and AR wells have been gaining 

attention as important water management tools in recent years (EPA, 2016). 

Well Type 
Capable of 
Operation 

Non- 
Functional 

Plugged & 
Abandoned 

Project Sites 
Containing Wells 

ASR 542 14 65 307 

AR 661 0 375 441 

Total 1203 14 440 748 

 
Table 2.1. Recharge well operating status in USA (from EPA, 2016) 
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Figure 2.22. Distribution of recharge wells by EPA region in USA: (a) injection wells, (b) ASR wells (modified from EPA, 
2016) 

 

Australia appears to be at the forefront of non-potable water recycling and has focused on water 

reuse in urban areas. A number of MAR schemes, especially ASR systems, have been implemented 

and they are usually well monitored (Fig. 2.23). These schemes inject mostly stormwater or 

reclaimed wastewater into brackish limestone aquifers. Treatment is often done through a 

number of detention ponds and wetlands (Steinel, 2012). There are several examples near 

Adelaide (South Australia): Bolivar site, where reclaimed wastewater is injected in the aquifer 

through ASR systems for agricultural use; Andrews farm and Parafield sites where ASR and ASTR 

systems (stormwater) respectively are used for drinking water supply of the city. In Perth 

(southwestern Australia), recharge of roof runoff and stormwater into pits and basins makes a 

substantial contribution to the water recovered from wells for household irrigation and also to 

some mains water supply wells. Another example is the infiltration basin scheme in Burdekin Delta 

(Queensland, eastern Australia), where up to 45 hm3 year-1 of river water are recharged for 

irrigational use and to prevent seawater intrusion (Steinel, 2012; CSIRO, 2016). 

In Africa, an example of MAR application is represented by the water reuse project in Atlantis, 

along the semi-arid west coast of South Africa, where stormwater, industrial and domestic treated 

wastewater are reused. Low quality water is used via dune recharge to prevent seawater intrusion 

and high quality water is recharged via infiltration basins for domestic and industrial reuse 

(Steinel, 2012; IGRAC, 2008). Small scale runoff harvesting (around 1000 m³ year-1) from 

ephemeral streams in Kharkam is injected into a fractured aquifer for general reuse. Niger is an  

a b 
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Fig. 2.23. Distribution of MAR types in Australia in 2015 (from CSIRO, 2016) 

 

example for an arid region where a shallow alluvial aquifer is recharged by diversion of low floods 

into an infiltration basin, while high floods with high sediment loads are not diverted. Namibia has 

one large recharge release scheme, the Omdel dam. Infiltration is through two or four infiltration 

basins after settling in the dam; release is turbidity controlled and a regular removal of sediments 

in the infiltration basins is undertaken. Another large recharge scheme in Namibia is the 

emergency storage created in the Windhoek quartzite using treated reservoir water, which is 

more expensive than current water costs, but less expensive than other alternatives (Steinel, 

2012). 

In Middle East, Israel has a long-running treated wastewater infiltration scheme (Dan region) and 

also recharges stormwater runoff after sedimentation basin via recharge ponds (Nahaley Menashe 

project). Runoff from the Shikma river is diverted after settling from the dam to recharged ponds. 

Saudi Arabia has constructed a number of recharge dams, which are experiencing clogging 

problems. There are investigations to use treated wastewater in ASR systems in alluvial wadi 

aquifers (Missimer et al., 2012; Maliva et al., 2011). Iran practices aquifer recharge via a cascade of 

basins including settling basins or floodwater spreading systems. In the flood spreading systems 

the accumulation of sediments is used as improvement to the soil for agriculture (Steinel, 2012). 
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India has focused on watershed management in rural areas including runoff harvesting and aquifer 

recharge. Main methods are percolation tanks, cement plugs, check dams, groundwater weirs and 

roof water harvesting as well as infiltration basins and recharge wells. Due to higher rainfall and 

vegetation, sediment loads are often lower than in desert areas. Maintenance and operation is 

often done by the community providing local employment (Steinel, 2012). 

2.2.12. Clogging in MAR systems 

The most critical issue in MAR systems is clogging of the infiltrating surfaces with the resulting 

reduction in infiltration rates. Clogging entails loss of efficiency and can result in costly 

maintenance or recompletions of MAR facilities, or expensive stimulation jobs, such as acidisation. 

This leads to restrictive conditions on the quality of recharge water, which in turn implies that the 

pre-treatment stage must be improved, hence increasing the exploitation costs. The long-term 

sustainability of MAR systems is thus a primary concern. 

Clogging is generally caused by inter-dependent mechanisms that are often hard to distinguish, 

but it can be divided into four types (Martin, 2013): 

 Chemical which includes precipitation of elements such as, iron or aluminium, and aquifer 

matrix dissolution. 

 Physical which includes suspended solids, migration of interstitial fines (e.g. illite or smectite 

clays), unintentional fracturing of the aquifer, formation damage during borehole construction. 

 Mechanical such as entrained air/gas binding. 

 Biological which includes algae growth, iron or sulphate reducing bacteria. 

In Table 2.2 is reported a summary of the four principal types of clogging and the processes that 

can be ascribed to each type. 

2.2.12.1. Chemical clogging 

Chemical reactions that promote the production of insoluble precipitates can occur because 

recharge water is not in equilibrium with the groundwater or aquifer materials. The precipitation 

of minerals causes an immediate reduction in the permeability of the porous media. 

Iron is normally found dissolved in groundwater in the reduced ferrous form (Fe2+). If water pH is 

raised and with exposure to oxygen, iron oxidizes to relatively insoluble ferric form (Fe3+). 
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Clogging Type Clogging Process 

Chemical 

 Geochemical reactions that result in the precipitation of minerals e.g. iron aluminium 
or calcium carbonate growth; 

 Aquifer matrix dissolution (can also work to increase hydraulic conductivity); 

 Ion exchange; 

 Ion adsorption; 

 Oxygen reduction; 

 Formation of insoluble scales; 

 Formation dissolution. 

Physical 

 Accumulation / Injection of organic and inorganic suspended solids; 

 Velocity induced damage e.g. migration of interstitial fines such as illite or smectite; 

 Clay swelling (e.g. montmorillonite); 

 Clay deflocculation; 

 Invasion of drilling fluids (emulsifiers) deep into the formation; 

 Temperature. 

Mechanical 

 Entrained air/gas binding (includes nitrogen &/or methane from 
microbiologicalactivity); 

 Hydraulic loading causing formation failure, aquitard failure or failure of casing 
around joints or seals. 

Biological 

 Algae growth and accumulation of biological flocs; 

 Microbiological production of polysaccharides; 

 Bacterial entrainment and growth. 

 
Table 2.2. Summary of clogging types and processes (modified from Martin, 2013) 

 

When oxygenated water is recharged into the aquifer, carbon dioxide and hydrogen sulphide is 

frequently released. The pH rises and the iron precipitates as ferric hydroxide where it causes 

clogging of the screens, gravel pack or pore spaces/fractures within the aquifer matrix. When 

groundwater has low pH and is oversaturated with aluminium oxyhydroxide, a significant diurnal 

temperature variation of the recharge water may cause the precipitation of the aluminium 

(Martin, 2013). 

Many geochemical reactions, especially redox reactions, are catalyzed by bacteria; this makes it 

difficult to separate chemical and biological processes in many situations. If the aquifer contains 

iron-rich or manganese-rich minerals, then the presence of oxygen or nitrate in the recharge water 

can stimulate bacteria to precipitate iron or manganese oxides, and hydroxides, leading to 

clogging. 

Two major types of scale formation occur during water injection operations: carbonate (i.e. 

calcite, CaCO3) and sulphide (i.e. gypsum, CaSO4). They are usually associated with changes in 

pressure, temperature or pH of the injected fluid.  
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Other geochemical reactions, such as dissolution, may have an unclogging effect by increasing the 

hydraulic conductivity (e.g. in places where calcite cement dissolves). In pronounced cases, 

dissolution may lead to borehole instability and the subsequent failure of the formation induces 

changes to the hydraulic conductivity which results in reduced injection capability (Martin, 2013). 

2.2.12.2. Physical clogging 

Physical clogging is related to mechanisms that affect the movement, attachment (also deposition, 

retention, colmatage) and detachment (also shear, unclogging, decolmatage) of inert suspended 

particles in recharge water, whose consequence is a diminution of porosity. Depending on their 

size, suspended particles are usually classified under three categories (Fig. 2.24) (Pérez-Paricio, 

2000): 

 Colloidal particles. Their diameter is lower than approximately 1 µm, although 0.45 µm is often 

used as threshold for classification purposes. In fact, Fig. 2.24 assumes a limiting value of 10 

µm. Owing to their great specific surface, suspension of these particles is controlled by 

physiochemical surface forces: London-van der Waals attractive forces, attractive or repulsive 

electrostatic forces and Born repulsive forces. 

 Intermediate particles. Their diameter varies between 1 and 30 µm, so that they are subject to 

both surface and volumetric forces. Surface forces can be neglected for diameters larger than 

10 µm. 

 Large particles. Their diameter is larger than 30 µm and are only affected by volumetric forces. 

Therefore, relevant processes include sedimentation, direct interception (straining) and 

hydrodynamic effects.  

 

 

 

 

 

 

 

Fig. 2.24. Classification of particles and filters according to their size (from Pérez-Paricio, 2000) 
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When water flows through a permeable medium several types of accumulation of sediments can 

take place (Fig. 2.25) (Pérez-Paricio, 2000): 

 Blocking filtration occurs when a particle obstructs an opening or pore due to interception. 

 Cake filtration without compression takes place when other particles are deposited on the 

previously blocked particles. A cake or clogging layer develops on top of the soil filter. This is a 

typical phenomenon in surface MAR systems. 

 Cake filtration with compression occurs when the clogging layer is compressed during 

accumulation of particles (self mulching effect) (Fernández Escalante, 2013). 

 Deep bed filtration is characteristic of recharge wells, yet it can be relevant for surface systems 

too. Particles smaller than the medium pores travel a certain distance across that medium, and 

can be deposited by several capture processes during their passage. 

 
Fig. 2.25. Mechanism during water filtration: (a) blocking filtration; (b) cake filtration; (c) deep bed filtration (from 
Pérez-Paricio, 2000) 

 

Clogging by suspended particles is characterized by a slow but steady increase in the hydraulic 

heads for a given rate of recharge. As the thickness of the clogging layer increases the permeability 

is reduced and the observed hydraulic head for a given rate of recharge increases more rapidly. 

The increasing hydraulic head applied to maintain recharge rates eventually causes the cake to 

compress and the rate of recharge efficiency can reduce exponentially. Like clogging associated 

with chemical precipitation the observed hydraulic heads in any nearby observation boreholes 

should begin to decrease (Martin, 2013). 

High fractions of clay platelets such as illite, smectite, kaolinite and chlorite can be contained in 

many formations, particularly sandstones. They typically line or fill pores within the rock or soil 

matrix. If the critical interstitial velocity is exceeded, velocity induced clogging occurs during 

recharge or infiltration and the clay platelets become mobile. Then, these fines migrate according 

a b c 
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to the flow direction until they reach the narrower pore throat where they become trapped 

causing a reduction in the injection capacity for a constant injection pressure. 

Mobilization of interstitial fines from clay swelling may be more prevalent where fresh water is 

recharged into brackish or saline groundwater systems. According to Martin (2013), this process 

occurs where the negative charge imbalance in the clay structure is stabilized by the substitution 

of a positively charged cation (i.e. Na+, K+, Ca++, Mg++) into the gap between the individual clay 

platelets. In case of an insufficient concentration of these ions (such as when fresh water is 

injected into a brackish or saline aquifer containing a swelling clay rich zone) the water, due to its 

polar nature, can substitute itself into the gap. The greater size of the water molecule causes the 

physical expansion or swelling of the clay. Depending on the concentration of the clay and its 

location in the pore system, this expansion can cause severe reductions in hydraulic conductivity. 

Most drilling muds, used during borehole realization, are designed to deflocculate clays and other 

fine particles. The filtrate invasion in the near-bore area of the formation rock is potentially very 

damaging. Damage associated with the invasion of drilling fluids into the target aquifer can 

frequently extend up to a meter into the formation (depending on the properties of the drilling 

fluid and the hydraulic properties of the aquifer) which makes it difficult to remedy. 

Because infiltration rates vary inversely with water viscosity, temperature also affects infiltration 

rates. In areas with large differences between winter and summer temperatures, viscosity effects 

alone can cause winter infiltration rates to be as low as about half of that in summer. Thus if 

recharge systems need to be based on a certain capacity, they should be designed on the basis of 

winter conditions, when water is coldest and infiltration rates lowest (Bouwer et al., 2002). 

2.2.12.3. Mechanical clogging 

Gas entrainment (or gas binding) is problematic in both injection boreholes and infiltration basins. 

In spreading basins the air within the vadose zone may become trapped reducing infiltration and 

storage capacity. During recharge through an injection borehole, air may become entrained where 

water is allowed to fall freely (cascading effect) into the recharge borehole (Martin, 2013). 

Entrapped gas bubbles typically block the largest pore throats during saturation because 

wettability (the natural affinity for water to adhere to aquifer solids) causes trapped air to reside 

in the center of pores. This reduces permeability by restricting flow and increasing tortuosity (Fig. 
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2.26). Laboratory experiments have documented entrapped air contents of 8 to 16 percent of 

otherwise saturated pore spaces (Heilweil and Marston, 2013). 

 

 

 

 

 

 

 

 
Fig. 2.26. Gas clogging of pore throats in porous media (from Heilweil and Marston, 2013) 

 

Temperature increases or pressure decreases can lead to releases of dissolved gases as well. On 

one hand, temperature of recharge water should be kept above groundwater temperature 

because the solubility of gases decreases with temperature. On the other hand, gas solubility is 

directly proportional to pressure. Negative (below atmospheric) pressures must be prevented in 

pipelines carrying water to recharge wells in order to avoid bubbling of dissolved gases (Pérez-

Paricio, 2000). 

Gas can be originated by biochemical reactions in both surface and deep systems: biogenic gases 

(C02, CH4, and H2S) are formed during plant respiration and decay of organic-rich sediments 

(Heilweil and Marston, 2013). 

Hydraulic loading may induce failure of the aquifer rock matrix or aquitard. Due to primary 

clogging processes, aquifer pressures can increase where a constant injection rate is maintained. 

Clogging increase leads to raise the injection pressure required to maintain the constant injection 

rate. This pressure may exceed the shear strength of the aquifer matrix, especially where 

dissolution may be occurring simultaneously. Initial failure of the matrix may result in increased 

injection performance but this is likely to be short-lived. Permeability reduction in hydraulically 

induced fractures may result from creep and pressure solution of minerals or migration of in-situ 

fines from previously occluded pores (Martin, 2013). 
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2.2.12.4. Biological clogging 

Recharge water usually contains bacterial agents that play the most relevant role regarding 

biological clogging. Baveye et al. (1998) identify four main mechanisms of bacterial clogging: (i) the 

accumulation of cell bodies in the porous medium, (ii) the production of bacterial extracellular 

polymers, basically polysaccharides, (iii) the entrapment of gaseous products, especially carbon 

dioxide (respiration), nitrogen (denitrification) and methane (methanogenesis), and (iv) the 

microbially mediated accumulation of insoluble precipitates. Many bacteria form a biofilm, which 

is composed by cells and extracellular material, basically polysaccharides. The formation of a 

biofilm attached to the medium reduces the porosity, thus causing clogging of MAR devices. 

Bacteria are also important in redox reactions. They need external electron acceptors for 

catabolism, and carbon (organic if heterotrophic and inorganic if autotrophic) for synthesis. 

Oxygen is the most effective electron acceptor in terms of energetic yield, so that its availability is 

crucial for bacterial development. Algae are one of the concerns for surface systems and clogging 

by algal growth can be very severe. Algal activity concentrates in a surface layer, mainly within the 

upper 7.5 cm. Photosynthesis sometimes originates precipitation of carbonates as well, because 

consumption of carbon dioxide can lead to over-saturation of carbonaceous compounds, mainly 

calcite (Pérez-Paricio, 2000). 

2.2.12.5.Compaction 

This is a relatively rare case that only takes place in surface systems, mainly basins. Compaction is 

due to an excess of water above ground level in surface systems, which causes the clogging layer 

to compress by increasing the confining pressure. In theory, increasing the water thickness has a 

direct incidence in hydraulic gradient and recharge rate should augment too. But the clogging 

layer formed as a result of deposition of suspended particles and accumulation of algae offers a 

resistance to flow that is increased if compression occurs. The final effect is a reduction in porosity 

(Pérez-Paricio, 2000).  

2.2.12.6. Specific parameters 

In alternative to conventional parameters, such as turbidity and concentration of suspended solids 

(physical clogging) or dissolved organic carbon (bioclogging), other 4 parameters have been 

investigated in the Netherlands as clogging indicators (Pérez-Paricio, 2000; Fernández Escalante, 

2004; De la Loma González, 2013): 
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 Modified fouling index (MFI). It is proportional to the concentration of both colloidal and 

suspended matter, and is determined by membrane measurements. It is used as a guideline in 

the Netherlands assuming a maximum MFI value of 3 to 5 s L-2 for recharge well in fine sand 

aquifers. However, some limitations arise: it is only reliable when clogging is strictly physical, 

and threshold values can only be established after doing field research, taking into account the 

aquifer characteristics. 

 Assimilable organic carbon (AOC). It was introduced to assess the biostability of drinking water 

(not subject to disinfection in the Netherlands). AOC represents the fraction of organic carbon 

that can be rapidly assimilated by microorganisms. The concentration of AOC should be < 10 µg 

acetate-C L-1 in order to strongly reduce the chance on injection well clogging by bacterial 

growth. 

 Biofilm formation rate (BFR). This accounts for all biomass in the water, providing an integrated 

quantification of bioclogging potential. 

 Bypass filter test (BFT). The indicator is determined at the input point of recharge water into 

the system. It is usually determined by quantifying the amount of dissolved solids in a preset 

period of time (from a few hours to one week). The water is filtered by a filter of polyester of 5 

µm and 25 cm of length with a pressure of 5 to 30 psi. 

2.2.12.7. Clogging remediation in surface systems 

According to Hutchinson et al. (2013), mitigation strategies to address clogging in surface systems 

can be grouped into 3 categories: 

 Design strategies; 

 Proactive removal strategies; 

 Reactive removal strategies. 

Design strategies 

In order to minimize the impact of clogging on a surface spreading facility, particularly if fine-

grained sediments are present, the design should consider some key things: 

 Inflow designed to minimize erosion as basin fills; 

 Basin banks protected from erosion/wave action; 

 Shallow ponding depths to reduce pressure on the clogging layer; 

 Ability to rapidly drain and dry the basin once clogged; 
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 Ability to operate multiple basins independently to provide maintenance flexibility. 

Based on their experience in California, Hutchinson et al. (2013) indicate that infiltration basins 

should be less than 2 meters deep because they can be quickly drained, dried and cleaned and 

thus have a greater on-line efficiency compared to the deep basins. 

In river or creek channels almost all the above design considerations are not applicable because 

the constantly moving water and periodic storm events tends to reduce the impact of clogging on 

the channel bottom. In wide channels, small dikes (“T” and “L” dikes) can be realized to force the 

water to spread and cover the entire channel bottom, in order to maximize the percolation 

potential of the channel. The disadvantage of these dikes is that they form localized areas of slow 

moving water where clogging takes place. At the end of the storm season when there is no risk of 

storm flows washing out the sand dikes, the “T” and “L” dikes can be replaced with “runners” 

dikes which are parallel respect to the river channel and allow the water to run continuously 

downstream.  

Proactive removal strategies 

Proactive removal strategies to reduce clogging include: 

 Removing suspended solids; 

 Removing nutrients. 

Suspended solids can be removed naturally using desilting basins or they can be removed 

artificially. Moreover, desilting systems are land-intensive and may not be feasible in urbanized 

areas. During their experience in California, Hutchinson et al. (2013) tested 4 water treatment 

technologies to remove sediment: Flocculation-Sedimentation, Ballasted Sedimentation, Dissolved 

Air Flotation (DAF), Cloth Filtration and River Bed Filtration. 

Flocculation-Sedimentation consists in adding ferric chloride to the raw water and then conveying 

the water to a small clarifier to allow the suspended solids to settle out. Ballasted Sedimentation 

uses similar principles with the addition of fine-sand which causes the coagulated particles to 

settle out faster. The fine sand is then recovered and used repeatedly. Dissolved Air Flotation 

(DAF) removes solids by dissolving air in the water under pressure and then releasing the air at 

atmospheric pressure in a flotation tank or basin. The released air forms tiny bubbles which 

adhere to the suspended matter causing the suspended matter to float to the surface of the water 

where it is removed by a skimming device. Cloth Filtration removes suspended solids by running 
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the water through cloth filter media with a nominal pore size of 5 µm. The cloth filter media is 

backwashed periodically to maintain a set flow-through rate. River Bed Filtration is similar to River 

Bank Filtration except the collection laterals are placed 2 to 3 m below the riverbed with the main 

objective of removing suspended solids. In terms of sediment removal and increased percolation 

rates, River Bed Filtration was the most effective, followed by Cloth Filtration. 

In California, in order to minimize the potential impact of biological clogging due to nutrients 

(biological oxygen demand, nitrates and phosphates) in recharge water that facilitate the growth 

of algae and microrganisms within the recharge facilities, a wetlands treatment system, that is 

comprised of 50 shallow ponds, was constructed. During the summer months, this system reduces 

nitrate concentrations from 10 mg L-1 to less than 1 mg L-1 (Hutchinson et al., 2013). 

Reactive removal strategies 

Reactive removal strategies refer to removing the clogging layer after it has formed. They can be 

grouped into two categories: 

 On-line removal; 

 Off-line removal. 

On-line removal consists in removing the clogging layer after it has formed and while the recharge 

facility is functioning. The advantage to this approach is that the facility remains on-line during 

cleaning. Specific devices can be used such as vehicles known as Basin Cleaning Vehicle (BCV) 

(Hutchinson et al., 2013; Fernández Escalante, 2013).  

Off-line removal refers to taking a recharge facility off-line and removing the clogging layer with no 

water present. This is the most common method of basin cleaning. Generally, a recharge facility is 

taken off-line for cleaning when the percolation rate has declined to approximately 30% of the 

initial rate. Depending on the facility, it may take from 2 to 45 days to drain, and then another 5 to 

25 days to allow drying. Basins are then either refilled after the clogging layer has dried and 

cracked, or equipment is used to scarify or remove the clogging layer before it is placed back into 

service. This method is very effective in restoring percolation rates; however, it can be expensive 

and reduces the overall recharge capacity of the facility.  

2.2.12.8. Clogging remediation in injection boreholes 

Several remediation methods can be used to restore and improve injection capability within 

recharge wells. It should be noted that these methods are very site specific and what works in one 
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hydrogeological setting may not always be successful in another location. Indeed remediation 

approaches may differ between injection boreholes across the same scheme (Martin, 2013b). 

Airlift development 

Airlift development procedures are one of the most common methods for remediating wells, both 

during completion and also to clean out wells following the onset of clogging. If clogging is caused 

by deposition of fine sediments then it may be advantageous to pre-treat the borehole before 

using airlifting of jetting with several chemicals that can assist the breakdown of the sediment 

particulates. Air lift development should be avoided in aquifers that are prone to “air locking” such 

as stratified formations consisting of coarse sand or gravel lenses separated by thin, impermeable 

clay layers. “Air locking”, as with air entrainment in general may impede the flow of water into and 

from the well, while also increasing the potential for iron precipitation within the formation thus 

creating a secondary clogging issue. 

High Velocity Jetting 

Jetting involves injection of compressed air or water at the bottom of the well, and the 

accumulated sediment is forced out the top. Recharge wells should be cleaned with a frequency 

that vary greatly depending on the depth of the well and the sediment load from the site. The 

jetting procedure consists of operating a horizontal water jet inside the well screen so that high 

velocity streams of water shoot out through the screen openings. Jetting is extremely successful in 

highly stratified unconsolidated formations. The required equipment includes a jetting tool with 

two or more equally spaced nozzles, high pressure pump, high pressure hose and connections, 

pipe, and water tank or other water supply. Material loosened from the screen or formation is 

removed later by airlift pumping. 

Vacuum Pumping 

Vacuum pumping involves a dual pipe system. Air is forced down the inner tube and returns up 

the annular space between the inner and outer tubing. As the outer tubing extends past the inner 

tube outlet a vacuum is created and sucks up the fine material that has accumulated on the walls 

of the formation. It is an extremely effective method if there are concerns about introducing air 

into the formation. Vacuum pumping is only suitable for wells where there is no gravel pack or 

screen.  
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Acidisation 

Acidizing is typically used to increase formation permeability in undamaged wells; however, it can 

be applied to improve injection performance in wells that are affected by physical or biological 

clogging. Acidizing has to be used with care because sometimes additional fines are mobilised 

through the dissolution process. Furthermore the use of a propping agent may be necessary to 

maintain the stability of the aquifer matrix and keep the formation open after dissolution. The 

ideal acid should be able to penetrate long distances, etch fracture faces, increase the 

permeability of the matrix where the fluid enters the formation by diffusion, and remove any 

existing formation damage. Several acids are used in conventional acidizing treatments. The most 

common are: 

 Hydrochloric, HCl; 

 Hydrofluoric, HF; 

 Acetic, CH3COOH; 

 Formic, HCOOH; 

 Sulfamic, H2NSO3H; 

 Chloroacetic, ClCH2COOH. 

These acids differ in their characteristics. Choice of the acid and any additives for a given situation 

depends on the aquifer matrix characteristics and the specific intention of the treatment. 

Hydrochloric acid and hydrofluoric acid are the two most common acidizing treatments. However, 

all conventional acids, including HCl and organic acids, react very rapidly on contact with acid 

sensitive material in the well or formation, thus they does not penetrate very far into the 

formation before they are spent. Therefore, they have a limited effectiveness in treatments where 

deep acid penetration is needed. Although less common than the other acids, hydroxyacetic acid is 

safer to use and has the benefit of being a bactericide and directly attack and kill iron bacteria. It 

works slower than HCl, Sulfamic or Hydrofluoric acids, so its contact time in the well has to be 

longer to achieve the desired effect. Hydroxyacetic acid is relatively non-corrosive and produces 

no fumes. 

Biocides 

Shock chlorination can be used to limit the growth of iron bacteria and other microorganisms. This 

approach is widely used in the rehabilitation of wells severely plugged by biofouling bacteria. Once 

solution injected into the well, water is added to force the chlorine mixture out into the formation. 
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Agitation is always recommended to increase surface contact between the biofouling agents and 

the high concentration (500 to 2,000 ppm) chlorine solution. Mechanical brushing, agitation, 

surging and jetting are all used to increase the turbulence of the chlorine solution in the well. 

Shock chlorination may be used as the first step, then acidisation of the well (the well must be fully 

purged of the chlorine solution before acidisation) with agitation to improve removal of 

encrustation, and finally another shock chlorination treatment. Chlorine based approaches are 

more effective the longer the contact time between the chlorine solution and the biofouling 

agents. Disposal of the waste water after both the shock chlorination and the acidisation must be 

done with awareness of safe disposal procedures. 

Under-reaming 

In case of borehole completed as an open hole construction an under-reamer can be used to 

enlarge its diameter. Assuming that the clogging has occurred primarily within the first few 

centimetres of the aquifer matrix the under-reamer can be used to effectively create a fresh well 

face by removing the clogged section of the aquifer. An under reamer can be opened and closed 

several times down hole, making it easy to enlarge the well hole over specific sections. This 

approach is useful where jetting or airlift development have failed to improve the injection 

capacity of the well. 

Scrubbing 

Wire brushing and scraping are effectively used to remove encrustations from inside the casing 

and well screen. The loosened material can be removed by air lifted, bailing, or other means. This 

approach may be a good first step in rehabilitation as it may allow greater access to the formation 

for chemicals to be introduced later if the scrubbing fails to improve well injection capacity. 

Heating 

Heat can be used to increase the effectiveness of chemical treatments in well rehabilitation. Water 

is withdrawn from the well, heated and recirculated into the well to increase the action of 

chemical solutions. Several specialists in rehabilitation routinely employ heated chemical 

treatments as part a blended of a multi-step approach to well remediation. Heat alone can also be 

an effective biofouling removal method where chemicals cannot be used. 
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2.2.13. “Technical solutions” on MAR 

“Technical solutions are not related to MAR technique as if it was the problem to solve, but rather 

the group of activities to increase MAR effectiveness, being MAR the solution to many related 

water management dysfunctions” (Fernández Escalante et al., 2015). 

One of the main issues that is encountered in most of the MAR facilities is how to increase the 

water infiltration rate into the aquifer. A possible solution is represented by the adoption of Soil 

and Aquifer Treatments (SATs) and other complementary techniques, such as design and 

management improvements applicable to existing devices. Fernández Escalante et al. (2015) 

provide an overview on specific technical solutions adopted in different MAR experiences around 

the world to provide technological improvements in order to: 

 increase the infiltration rate in MAR operating areas; 

 improve the effectiveness of the already existing facilities; 

 make accessible design criteria to be applied in future MAR devices. 

The different groups of actions can be grouped in three different classes: 

 Design and construction; 

 Operation; 

 Management. 

2.2.13.1. Some technical solutions for the design and construction of MAR systems 

Some key aspects should be considered in MAR design and construction. Most of the MAR 

typologies can be considered as “passive” systems because they interfere in the water cycle 

without any electricity consumption. In order to avoid energy consumption, a common criterion in 

MAR design is the use of the gravity as propeller for MAR water, especially for infiltration ponds, 

channels and wells. In flat areas, it is required to perform accurate micro-topography studies so as 

to get MAR water flowing without any pumping. For MAR applications a good knowledge of the 

subsoil infiltration potential is a key issue. For this purpose, geophysical techniques, especially 

geoelectric prospections, play an important role. Other factors that influence the flow rate are the 

type of soil, the presence of organic carbon and hydrogeological thresholds. All of them have a 

direct influence on the vertical flow rate of water (FAO, 2000). 
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Design criteria for MAR infiltration ponds 

There are specific criteria about the design of infiltration ponds. One of the most important 

technical solutions to be studied carefully is the morphology of the bottom, either flat or ploughed 

with furrows, and, in the second option, what the furrows pattern should be. These furrows allow 

silt to be deposited in the furrow bottom due to gravity, while remaining relatively clean along the 

furrow crest (Fig. 2.27a,b). Furrows increase the infiltration rate when compared with flat-bottom 

basins: the values are generally higher on the furrow crests compared to the valleys (Fernández 

Escalante et al., 2015). Various furrow spacings were tested in the Santiuste Basin MAR ponds 

(Spain). Although the results are not final, furrows with 0.80 m spacing perform better in general 

terms (Fernández Escalante, 2013). It is a good practice to open furrows with disc ploughs, which 

proves to be less harmful for the soil than a mouldboard plough (Fernández Escalante and Senent 

Del Álamo, 2011). 

 

 

 

 

 

 

 
 
Fig. 2.27. Furrows at the bottom of infiltration ponds: (a) in California (USA); (b) Santiuste´ MAR device in Spain (from 
Fernández Escalante, 2016; Fernández Escalante et al., 2015) 

 

The depth of the water in the infiltration ponds and channels during each charging cycle is another 

factor to take into consideration as the hydraulic loading applied by the water depth itself can 

cause compaction of the bottom sediments. In general, the water thickness in the ponds and 

channels should be maintained between 0.80 and 1.40 m. Tests conducted in Spain (Fernández 

Escalante, 2013) showed that the higher infiltration rates have occurred with water depths near 

0.80 m. 

 

 

a b 
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Design criteria for MAR channels 

The main actions to increase the infiltration rate and the total infiltrated volume in the channels 

bottom and walls include variations of the channel morphology itself, by incorporating a centre 

ridge on the bottom or modifications to the slope of the channel sides (DINA-MAR, 2010). The 

single furrow along the channel is usually covered with a waterproof membrane or specific 

geofabric, in order to make the cleaning and maintenance planning and operations easier 

(Fernández Escalante and Senent Del Álamo, 2011). Other techniques focus on flow regulation and 

filtering of silt in the recharge water (Fernández Escalante et al., 2009). 

Actions can be taken in the receiving environment where pH in the recharge water is considerably 

different from the native water, to avoid clogging processes. The technique consists in the 

inclusion into the design of calcareous gravel beds and acid stone breakwater. This construction 

technique allows small corrections of pH on predefined sectors while giving durability and 

ruggedness to the infiltration channels (Fernández Escalante, 2013). 

Damming devices placed at the head of the channels and in the connections with the supply pipes, 

usually, increase dissolved oxygen concentration of MAR water by cascading with a resulting 

reduction in infiltration rates. To prevent clogging by air entrainment, some changes in the design 

of these devices can be adopted. They consist of the placement of communicating vessels below 

the weirs, precast concrete in the channel interleaved mode dams (Fig. 2.28) (Fernández 

Escalante, 2013). 

 

 

 

 

 

 

 

 

Figure 2.28. Scheme of the communicating vessel to reduce the "cascading" effect in order to prevent clogging by air 
entrainment (from Fernández Escalante, 2013) 
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2.2.13.2. Some operative technical solutions 

Recharge water pre-treatment is the most effective measure to improve MAR systems 

effectiveness (Bouwer, 2002), but it is usually complicated and expensive. There are desirable 

standards to be achieved, such as the elimination of nutrients and organic matter from the water, 

to get the longer service life of the MAR systems (Bouwer, 2002; MIMAM, 2002). The main 

parameters to be taken into account and its qualitative threshold have been the target of 

numerous studies. To mention a few of them: Total of Solids in Suspension (TSS), Turbidity, Total 

of Dissolved Solids (TDS) and Total Organic Carbon (TOC). 

The addition of disinfectants in recharge water, known as DBPs technique (Disinfection By 

Products) is used on all around the world experiences. Some examples are: (i) chlorination (Pyne, 

1995 and 2002; Bouwer, 2002; Tsuchihashi et al., 2002); (ii) microfiltration (Pyne, 2002); (iii) 

iodination (Fox, 2002); (iv) ozonification and UV radiation (Cushing et al., 2003); (v) the pH control 

additives (Pyne, 1995; Stuyfzand and Mosch, 2002); (vi) the combination of different techniques at 

the same time (Dillon and Pavelic, 1996). 

SATs techniques applied during operation of MAR systems 

SAT (Soil and Aquifer Treatment) techniques consist of a set of essential methods for the correct 

design and operation of any MAR integrated system. Its application requires a deep knowledge of 

the natural processes which allow either removing or minimizing certain contaminants out of the 

recharge structures, especially organic and nitrogen compounds (Fox, 2002). 

SAT techniques have been applied and tested in different parts of the world. Some examples are: 

 implementation of dual systems in space allowing the use of the device at the same time with 

processes of cleaning and restoration (Fox, 2002); 

 control of the distance between the injection and extraction wells (Moorman et al., 2002); 

 chemical attack on calcite using acids in order to control the pH of the aquifer (Rinck-Pfeiffer, 

2002); 

 control of the concentration of Dissolved Organic Carbon and THMs (Rostad, 2002; Salameh et 

al., 2002); 

 selection of the period to perform MAR in intermittent devices and the most appropriate flow 

rate to be recharged at each moment; 

 avoid gas clogging produced by “cascading” effect, water shaking (Stuyfzand, 2002); 
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 ploughing infiltration ponds bottom with furrows (0.80 m) (Fernández Escalante, 2013); 

 manual management depending on rainfall and freezing conditions (DINA-MAR, 2010). 

Cleaning and maintenance criteria 

In infiltration channels, one of the measures that can be taken to maintain infiltration capacity is 

to replace the silted sand surface with clean sand. Consideration must be given to where the silted 

sand can be dumped and where the replacement material is sourced. Depending on the depth of 

the material, its removal may require high costs, thus, in these cases, it is advisable to take 

preventive measures rather than extractive measures. 

In infiltration basins replacement of material is more complex, so an advisable solution can be 

construct a tapestry by "scratching" with the surface with a blade, then arrange furrows separated 

by 0.80 m, distance between crests that produces the best infiltration rates (Fernández Escalante, 

2013). 

Under certain specific conditions within each area, the morphology of the basin or channel 

governs the frequency of how often the system is taken off-line for cleaning or scraping. 

Installation of service road parallel to the channel allows cleaning operations to be carried out 

with bulldozers and tractors. Basin Cleaning Vehicle (BCV) can be designed to be installed on a 

machine travelling on the service road. The design features should include: a knife to extract the 

bottom cake, long swing arm which allows operating in the channel from the service road and 

folded to reach steps, stops, etc. (Fernández Escalante, 2013). 

2.2.13.3. Technical solutions related to management 

The management plays a crucial role in the success of recharge systems, especially in those areas 

which are more vulnerable to droughts. It is paramount to know the number of end users and the 

quality of the extracted water that they need (MIMAM, 2002). 

The use of the aquifer as a water store, specially at times of peak demand or in crisis situations is 

very important. In case of low permeability areas, wells may use as water store (Gale, 2005). 

Direct efforts to raise awareness and create a stronger users organization to manage properly the 

recharge in order to improve the effectiveness of MAR systems are essential (Fernández Escalante, 

2009; Lobo Ferreira et al., 2014). 
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2.2.13.4. Corollary of technical solutions 

The corollary is a list of options to solve problems affecting to MAR facilities by means of SAT 

techniques, new designs, and changes in the management practices and other procedures 

considered as “others” (Fernández Escalante, 2004). 

Fernández Escalante et al. (2015) provided, within MARSOL project, a new operational corollary of 

technical solutions, based on that proposed by Fernández Escalante (2004). It has been designed 

with the aim to present a catalogue of options that can be applied in equivalent scenarios to 

combat the problems and impacts that affect recharge management mechanisms. 

All the solutions, that are not only those tested in the MARSOL demo sites, are included in five 

types of operations: 

 applied to water from its original source (quantity); 

 applied to water from its original source (quality); 

 applied to the receiving medium (in both soil and aquifer); 

 applied to management parameters plus cleaning and maintenance operations; 

 applied to the combination of all of them (integrated system). 

The corollary consists of a total of 73 real technical solutions (Table 2.3). These are included in the 

following categories which are used to classify the five types of operations: 

 1.1. Water quantity aspects (T.S. 1 to 5); 

 2.1. Pre-treatment-treatment (T.S. 6 to 12); 

 2.2. Surface facilities (T.S. 13 to 16); 

 2.3. Deep injection (T.S. 17 to 19); 

 2.4. Receiving medium (T.S. 20 to 24); 

 2.5. Others (T.S. 25); 

 3.1. Previous studies (T.S. 26 to 27); 

 3.2. Surface facilities (T.S. 28 to 35); 

 3.3. Injection facilities and piezometers (T.S. 36 to 41); 

 3.4. Operative aspects (T.S. 42 to 46); 

 4.1. Operation (T.S. 47 to 53); 

 4.2. Maintenance (T.S. 54 to 56); 

 4.3. Decision support systems (T.S. 57 to 63); 
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 4.4. Management (T.S. 64 to 70); 

 4.5. Reuse (T.S. 71 to 73). 

 

RECHARGE WATER (QUANTITY) 

1 Preselecting: selective criteria for the origin of recharge water when several sources are available 
2 Temporary storage of MAR water in surface reservoirs 
3 Control of the flow velocity of MAR Water (stopping devices…) 
4 Manage/avoid operations during specific events/periods, e.g. freezing weather, heat waves… 
5 Security structures for overflow events, run-off tramps, spillways, etc.   

RECHARGE WATER (QUALITY) 

6 Pretreating of water for MAR in origin: (WWTP, membranes, mud lines, filters, packets…) (specify) 

7 
Pretreating of water for MAR in the heading of the structure: Filtering beds, decantation/stagnation structures, 
deaeration, etc. 

8 Pretreating of MAR water using unsaturated zone as a pretreatment natural filter 

9 
Treatment structures intercalated along the construction for surface facilities, e.g. control of pH by means of 
mudstone gravel filters (specify) 

10 Pretreating by Disinfection By Products (DBPs), e.g. Cl, I, O3, H2O2, UV rays, etc. (specify) 
11 Chemical additives to eliminate clogging layers (specify) 

12 
Combination of different MAR facilities to improve the MAR water quality, e.g. a "triplet scheme" (WWTP, green 
biofilter, artificial wetland)? 

13 SURFACE FACILITIES: Design and preservation of slope (rubble works, gabions...) (specify) 
14 Limitation/control of the water layer thickness 
15 Denitrification processes/additives (e.g. anammox) 

16 
Mechanisms to force the mixture of the different layers of MAR water, e.g. for canals let the water jump over or 
below stopping devices alternatively 

17 DEEP INJECTION FACILITIES: Employ of anticorrosion materials in the MAR devices 
18 Changes in the depth of the pump for  wells/boreholes 
19 Induced changes in water quality for irrigation. Fertilizers… (specify)   

20 
RECEIVING MEDIUM: Avoid aeration on AR waters: communicating vessels, open/buried structures, velocity 
control (specify) 

21 Deaeration techniques: piezometers, increase distance between injection-extraction points…  (specify) 
22 Isolation from atmosphere/sunlight structures (specify) 
23 Avoid natural salinization: Induced recharge, e.g. barriers in salty areas (specify) 
24 Recycling effect of water in the MAR system (describe) 
25 OTHERS: Specific fishes/exotic species introduced to reduce clogging (e.g. medaka) 

RECEIVING MEDIUM (IN BOTH SOIL AND AQUIFER) 

26 
PREVIOUS STUDIES: The knowledge of the environmental conditions for the receiving medium might be 
considered sufficient? (describe) 

27 Regarding the selection of the site, are there "natural fences" to avoid water to leave the  system? 
28 SURFACE FACILITIES: Changes in the receiving medium design. Furrows in the bottom, width,  shape... (describe) 
29 Changes in the receiving medium design. Geofrabrics in the bottom/slopes (specify) 
30 Inverse pumping in wells pits close to a MAR canal or pond 
31 Backwashing in geo fabrics, membranes and filters 
32 Use of jet type cleaning techniques 
33 Chemical cleaning (use of chemical additives) (describe) 
34 Operations in the bottom: Algae drying, natural bed drying, cryotreating, cracking (cake)  (specify) 
35 Mechanical cleaning (scarification or silting zones and cleaning /replacement) (specify) 
36 INJECTION FACILITIES AND PIEZOMETERS: Alternate normal and inverse pumping and frequency 
37 Mechanical cleaning (wall brushing, scratching...)   
38 Chemical cleaning (use of chemical additives) techniques for the regeneration of recharge wells   
39 Selection of casing materials for wells according to groundwater characteristics (quality,  quantity, durability...) 
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40 Employ of water level control automatic systems (alarm systems, buoys…) 
41 Employ of clogging preventive systems, e.g. cathodic protection…(specify) 
42 OPERATIVE ASPECTS: Use of dual systems allowing cleaning of one of them whilst the other is  operating 
43 Cleaning of the vegetation in the MAR facilities (specify) 
44 Specific plantation during any season 
45 Cleaning techniques frequency (specify) 
46 Use of Basic Cleaning Vehicles (BCVs) (describe) 

MANAGEMENT PARAMETERS AND EX SITU TECHNIQUES (INCLUDING MANAGEMENT, GOVERNANCE...) 

47 
OPERATION. Management parameters and ex situ techniques related to water management, governance... 
(describe) 

48 Election of the most appropriate period and place to MAR water / obligation due to administrative concessions 
49 Initiate ‘soft’ MAR cycles (start gradually) 
50 Input flow and flow water speed control (automatic, manual) (specify) 
51 Dual systems: duplicated MAR facilities to alternatively manage MAR and cleaning activities 
52 Alternative sources of MAR water and management (describe)   
53 Monitoring chemical properties of MAR water during recharge cycles 
54 MAINTENANCE. Specific protocol for clogging control 
55 Protocol for proper hydro-mechanical aspects in space and time. e.g. pressure inside a pipeline circuit (describe) 
56 Specific cleaning and maintenance programs or decisions made "on the go"? 
57 DECISION SUPPORT SYSTEMS. Integrated system design: all elements are interconnected 
58 Promote participation of farmers or other social agents or stakeholders in water management 
59 Limit fertilizers use 
60 Decrease untreated spilling in the area 
61 Protected perimeter around the MAR facilities 
62 Use of protection devices for fauna and people in MAR facilities 
63 Public use regulation   

64 
MANAGEMENT. Early adoption of the Best Available Techniques (to what extent new BATs are tested prior their 
application?) 

65 Design and adoption of a proper Watching and Control Program 
66 Construction of dams specifically designed for MAR 
67 Construction of WWTP specifically designed for MAR 

68 
For those devices constructed due to a R&D specific project, is there any guaranteeing mechanism to operate 
the system after the end of the project 

69 Are there already specific operative guidelines? (specify) 
70 Use of sensors to monitor turbidity, dissolved oxygen, temperatur either inlayers or installed in surface facilities 
71 REUSE. The wells used for MAR were specifically designed or previous wells/shafts were used  (change of use)? 

72 
Use of existing natural previous elements to improve MAR efficiency, e.g. River Bank Filtration (RBF direct or 
inverse), use of dolines, sinkholes… 

73 Use of pre-existing artificial previous elements for MAR e.g. rivers dams, meander scarfs… 

 
Table 2.3. Data base of 73 real technical solutions created by Fernández Escalante et al. (2015) within the MARSOL 
project 

 

2.2.14. Regulations on MAR 

MAR systems are widely adopted around the world and are currently the object of extensive 

studies. However, they are not soundly regulated and so far very little research has been 

conducted on the normative framework regulating MAR at the regional and at the national level. 



79 
 

Capone and Bonfanti (2015) conducted, within MARSOL project, an analysis on the legislative 

framework which governs the creation and functioning of MAR schemes in Europe and in the extra 

EU countries where these systems are more used, i.e. Australia and the USA. 

In Australia MAR systems are currently promoted as a cost-effective and efficient recycling 

strategy to increase existing supplies and in many jurisdictions this techniques are assuming 

growing importance. Such interest led the Australian Government to adopt a set of Guidelines, in 

line with the National Water Quality Management Strategy, that make up the well known 

Australia’s Water Recycling Guidelines. The Guidelines are not binding: on the contrary they have 

a solely advisory character and are not prescriptive. The target of the Guidelines is anyone 

involved in the supply, use and regulation of recycled water schemes, including government and 

local government agencies, regulatory agencies, health and environment agencies, operators of 

water and wastewater schemes, water suppliers, consultants, industry, private developers, body 

corporates and property managers.  

In several states of USA, MAR have been successfully implemented since the 1970s. Since the USA 

is a federation of States, the MAR systems regulation has been approached at a decentralized 

level, leaving to the single State the task to discipline this mechanism. By way of example, in 

Arizona the Groundwater Management Act (GMA), that was revised in 2013, has established an 

extensive regulatory regime, and set up the Arizona Department of Water Resources (ADWR) to 

administer it. A permitting system governs the three main components of the storage process, 

namely: the storage facility, water storage and water recovery. 

At the European level, the regulation of MAR is addressed in two EU Directives, namely the Water 

Framework Directive 2000/60/EC and the Groundwater Directive 2006/118/EC. In the Water 

Framework Directive, MAR is mentioned as a possible supplementary measure to reach good 

quantitative and qualitative water status by regulating the water cycle on the basin scale within an 

integrated water resource management. The EU Groundwater Directive, on the other hand, 

prohibits any actions that may deteriorate groundwater quality. The two directives do not specify 

any particular methodologies to implement measures such as MAR. However, controls, including a 

requirement for prior authorisation of artificial recharge or augmentation of groundwater bodies, 

are mandatory. The water used may be derived from any surface water or groundwater, provided 

that the use of the source does not compromise the achievement of the environmental objectives 

established for the source or the recharged or augmented body of groundwater. The controls shall 
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be periodically reviewed and, where necessary, updated (Capone and Bonfanti, 2015; Bonfanti 

and Capone, 2014). 

An analysis of the national legal frameworks related to MAR systems in several EU Member States 

showed a general lack of ad hoc and comprehensive legislation dealing with such schemes. This 

issue is generally covered by provisions falling within environmental law and coping with artificial 

recharge in general terms (Capone and Bonfanti, 2015; Bonfanti and Capone, 2014). Below a brief 

description of this normative aspects is reported for five EU Member States, as an example, 

namely United Kingdom, France, Germany, Spain and Italy. 

In the United Kingdom MAR systems are regulated by provisions established by different legal 

instruments having regional scope. The establishment and implementation of MAR schemes in the 

UK is subject to authorizations issued by specific agencies. These agencies grant permits only 

under certain conditions. The beneficiaries of the permits have the duties to control the volumes 

and the quality of water recharged, and to provide periodic reports to the relevant agency about 

their activity. Furthermore, in order to carry out specific activities which may be related to the 

implementation of MAR schemes like building and drilling, beneficiaries need to ask for a 

supplementary permit/authorization. 

In France, MAR systems are subjected to national law, namely the Environmental Code deals with 

water recharging. The Code requires operators to ask for authorisation in order to set up MAR 

schemes, as well as forces them to declare and report their activities periodically. It also specifies 

those installations, structures, works and activities which are subject to the above-mentioned 

authorisation. As far as MAR is concerned, the authorization required is called “arreté préféctoral 

d’autorisation” delivered by the “préfet de département”. The authorization obliges the 

beneficiaries to perform specific duties concerning the monitoring and reporting of quantitative 

and qualitative environmental impacts of MAR. 

In Germany MAR schemes are covered by regulations adopted both at the central (federal) and 

regional level. At the federal level, the main legal instrument concerning water management is the 

Federal Water Act (WHG) 2009 that transposes and implements the binding EU provisions in to 

domestic legislation. The Act contains specific Articles on both quality and quantity metrics of 

water resources. It also regulates the usage of water resources on the basis of administrative 

permission granted to operators by the competent water authority. There are also other legal 

instruments that applies to MAR systems in Germany. These instruments, that generally regulate 
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the discharges to groundwater and the use of treated sewage effluents, are: the Waste Water 

Ordinance (AbwV) that specifies the standards set out in the WHG for both direct and indirect 

discharge of wasted water, and implements the technical requirements established by the EU 

directives; the Groundwater Ordinance (GrwV) that details measures to prevent the entry of 

pollutants into groundwater and, generally, the deterioration of groundwater. 

Concerning Spain’s regulation, the Spanish Parliament adopted the Water Law No. 29/1985 aimed 

at regulating the public hydraulic domain and water use. The Spanish Law provides for measures 

to increase control over waste water, improve water quality, its efficient use, and users 

responsibility for water management. This Law has undergone several reforms, in particular the 

WFD has led to the adoption of the 2001 national hydrological plan and its subsequent 

amendment in 2004. Particularly relevant for MAR schemes is the Royal Decree 1620/2007, which 

establishes the legal framework for the reuse of treated wastewater. The Royal Decree sets the 

quality standard for the use of reclaimed water. Furthermore, it explains in details the procedures 

to be followed in order to obtain water reuse concessions and permits. 

In Italy, until a few months ago, there was no ad hoc legislation on MAR systems. Some relevant 

provisions on water management were reported in the Legislative Decree N. 152/2006. Articles 

104 and 105 of the Decree, aiming at protecting the water sources quality, established specific 

measures to manage the discharge to surface water and groundwater. Other relevant provisions 

were in the Regional Water Protection Plans adopted by Italian Regions in compliance with the 

Legislative Decree No. 152/1999. In accordance with the Article 104 of the Environmental Code, 

the new Ministerial Decree N. 100/2016 of the Ministry of the Environment (G.U., 2016) defines 

the criteria for the authorisation for the augmentation of groundwater bodies through MAR 

interventions, in order to achieve the objectives of environmental quality (articles 76 and 77 of the 

Legislative Decree N. 152/2006). Regions are the competent authority to grant this authorisation 

that envisages the technical procedures for MAR implementation and the monitoring activities 

designed to verify the compliance with the requirements defined to achieve the objectives of 

environmental quality for the receiving groundwater body. 



82 
 

3. STUDY AREAS 

3.1. Wadi Biskra watershed (Algeria) 

3.1.1. Physio-geographical description 

The wadi Biskra watershed is located in north-eastern Algeria and covers an area of about 5,000 

km2 (Fig. 3.1). It mainly occupies the piedmont area that passes from the Saharan Atlas chain and 

the Aures Mountains in the north to the Sahara plain in the south, characterised by vast alluvial 

fans and small mountain ranges in the middle-slope area. The plain is modelled by wadi courses as 

the wadi Biskra and its tributaries (e.g. wadi Branis, wadi Leftah, wadi El Hai Biskra), originating 

from the south-western side of the Aures Mountains. In the southern part of the study area, the 

wadi Biskra runs, according to a north-south direction, through the homonym city, which, with its 

about 300,000 inhabitants (www.ons.dz, 2008), is the most important town in the region. 

Downstream, the wadi Biskra converges in the wadi Djeddi before fading into the great depression 

of Chott Melhir, reaching an average of 80 m below sea level. 

 
Figure 3.1. Wadi Biskra watershed 

 

http://www.ons.dz/
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As in other arid regions, wadi Biskra and its tributaries are characterised by an ephemeral regime 

with floods that are often due to brief and intense rainfall events. There are very few measured 

data concerning to floods that occurred in the region. In Table 3.1, the only available data, from 

1969 to 1978, are reported (Labadi and Meddi, 2008). 

 

Year Date 
Maximum 

instantaneous 
discharge (m

3 
s

-1
) 

Maximum daily 
discharge (m

3 
s

-1
) 

1969-1970 1/10/69 291 55.91 

1969-1970 21/10/69 291 57.51 

1970-1971 29/09/70 137.1 12.70 

1971-1972 27/11/71 130.6 34.13 

1972-1973 04/09/72 124 42.28 

1976-1977 08/09/76 67.2 16.66 

1977-1978 06/09/77 295 11.95 

 
Table 3.1. Wadis discharge data measured from 1969 to 1978 (from Labadi and Meddi, 2008) 

 

There are no data related to discharges in the wadi Biskra, but according to ANRH and NRD (2014) 

the morphology of the riverbed of wadi Biskra, that is narrower upstream of the confluence with 

the wadi Branis, strongly suggests that only the most intense floods are able to overstep the plain 

of El Outaya. 

The vegetation cover is mainly characterised by the presence of steppe vegetation, in the northern 

part and associations of desert species, including halophytic and psamophyte ones unevenly 

distributed in the rest of the area, apart from well vegetated wadi courses. In the area located to 

west of Biskra, locally known as the Zibans palmeraie (palm grove) or the Occidental Zab, the 

irrigated area exceeds 65,000 ha and withdraws more than 600 hm3 per year, whereas the Tolga 

area is an international exporter of high –quality dates (Deglet Nour). The importance of these 

palm groves is due mostly to the presence of very productive and shallow aquifers highly exploited 

for more than one century (Ghiglieri et al., 2014b), with an average salinity from 2 to 4 g L-1. The 

land use mainly regards date palm plantations and extended greenhouse cultivations (vegetable 

cultivations), followed by open field cultivations. 
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3.1.2. Climatic context 

The wadi Biskra watershed is characterised by hot and dry climate, stretching over the semi-arid, 

arid and pre-desert zones, with an average annual temperature of about 22 °C. The lower 

temperatures are registered usually in December and January whereas the higher occur in July and 

August. The average annual rainfall usually does not exceed 200 mm per year. The histogram in 

Fig. 3.2 shows the annual rainfall from 1974 to 2012 related to the Biskra weather station, 

obtained from the monthly data provided by ANRH. A positive trend can be observed, due to the 

increase in rainfall especially in the last decade with values quite high in 2004 (237.6 mm), in 2009 

(407.1 mm) and 2011 (296.5 mm) compared to the climatic average in the same period (130.3 

mm). 

 

 

 

 

 

 

 

 

 

Figure 3.2. Annual rainfall from 1974 to 2012 related to the Biskra weather station 

 

Considering the average monthly rainfall for that period (Fig. 3.3), the highest values are in any 

case less than 20 mm. The rainiest months are January (17.7 mm), April (18 mm) and November 

(15.3 mm), whereas the lowest value is almost null in July. The mountainous north-eastern part of 

the watershed, near Batna, has a relatively higher average annual rainfall ranging between 200 

and 600 mm per year. 
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Figure 3.3. Average monthly rainfall from 1974 to 2012 related to the Biskra weather station 

 

ANRH provided monthly climatic data of the Biskra weather station from 1990 to 2000 related to 

max and min temperature and relative humidity (Medjber, 2002). Fig. 3.4 shows the average 

monthly trend of maximum, minimum and average temperature of the Biskra station, with the 

corresponding average monthly values of rainfall. Max temperature is always above 20 °C and 

reaches an average of 45 °C in July and in August. Min temperature reaches particularly low values 

(less than 5 °C) in the winter season. 

 

 

 

 

 

 

 

 

 

Figure 3.4. Average monthly maximum, minimum and average temperature of the Biskra weather station from 1990 to 
2000, with the corresponding average monthly values of rainfall 
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The graph in Fig. 3.5 shows the average monthly values of relative humidity. As expected, the 

values are very low as a demonstration of a dry climate, where for six months a year, the humidity 

values do not reach 40%. 

 

 

 

 

 

 

 

 

 

Figure 3.5. Average monthly values of relative humidity from 1990 to 2000 related to the Biskra weather station 

 

3.1.3. Geological and hydrogeological setting 

From the geological point of view, the Algerian study area is located in the eastern part of the 

Sahara Atlas (Aures). This zone is a part of the intra-continental mountain chain that was formed 

between Tertiary and Quaternary during the geodynamic events in the peri-Mediterranean area 

(opening of the Tethys Ocean and the opening of the Atlantic basin and subsequent closure of the 

western Tethys Maghrebide) (Bracène et al., 2002). 

Terrigenous and carbonate successions that range from Early Jurassic to Holocene crop-out in the 

study area. 

The area is characterized by the superposition of several folding events occurring from Middle 

Eocene to Pleistocene that strongly influence the geometry of the main aquifers (MdH, 1980; 

Buttau et al., 2013). The deformation history that has affected these formations, in agreement 

with the most part of the authors, provides the following series of events: 

 "Atlas Event“ (Lower Eocene (Lutetian)), (Laffitte, 1939; Guiraud, 1975). It involved the 

formations ranging from the Triassic to Lower Eocene. This created several structures 
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orientated NE-SW which were developed from a shortening trending NW-SE and were 

contemporary to an uplift. 

 Relative quiescence and rapid uplift in the Miocene, characterized by sedimentation of 

molasse-type deposits that cover the oldest formations (Bracène et al., 2002). 

 "Villafranchian phase" (Boudjema, 1987; Frizon de Lamotte et al., 1990) characterized by a N-S 

shortening and uplift responsible for the tilting of the Miocene formations and development of 

the folds with E-W axial trend. The uplift has occurred in several stages, the last being in the 

Pleistocene and involved the entire Atlas zone (Frizon de Lamotte et al., 2000). 

3.1.3.1. The stratigraphic successions 

The study area mainly consists of sedimentary successions aging from Mesozoic to Pliocene 

(Guiraud and Ballais, 1981; Guiraud and Bellion, 1998; Guiraud, 2001; Guiraud et al., 2001). 

The lowest Mesozoic unit consists of evaporitic and terrigenous clastic rock deposits, Triassic in 

age, outcropping in the study area for diapirism phenomena. The permeability of the Triassic 

gypsum is high and the deposit plays an important role in conditioning the groundwater salinity. 

The Jurassic formations consist of alternations of marl and dolomitic and carbonate deposits, 

which show highly variable thickness and medium permeability. 

The Lower Cretaceous (Albian-Aptian) succession consists on terrigenous clastic and carbonate 

rocks, up to 400 m. The Upper Cretaceous sequence also consists of limestone with an important 

intercalation of arenaceous or sandstone or sandy marls; the total thickness is about 2000 m. 

Terrigenous clastic and carbonate successions of Eocene and Miocene age rest on the Mesozoic 

sequence. Quaternary aeolian sand and loose sediments, consisting of alluvial sand and gravels, 

cover the most of the plans in the depression zone, occurring as piedmont slope deposits and 

valley fill materials that range in thickness from 10 to 20 m. All these deposits have generally a 

good permeability, allowing infiltration into the lower aquifers. 

3.1.3.2. Hydrogeological features 

In the study area it is possible to recognize two first-order aquifer systems: the Complex Terminal 

(CT) aquifer and the Continental Intercalary (CI) aquifer that are divide by Cenomanian 

impermeable level (Ci). 
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The Continental Intercalary (CI) aquifer of North Africa is one of the largest confined aquifers in 

the world; it covers about 600,000 km² with a potential reservoir thickness of between 120 m and 

1,000 m (Castany, 1982). The CI aquifer in Tunisia and Algeria may be considered as a type area for 

large artesian basins, especially since the results may be extrapolated to the west (Grand Erg 

Septentrionale) and to the east (to the Fezzan of Libya) as well as to the south to the basins of the 

southern Sahara. This aquifer includes the Lower Cretaceous deposits and in several zone Triassic 

and Jurassic deposits. ERESS (1972) showed that the CI aquifer consists of several horizons with 

strong artesian pressure (5–25 bars) and with temperatures from 65 °C to 75 °C. The water 

chemistry is of Na–SO4–Cl composition and the mineralisation increases along the flow lines from 

1.5 g L-1 to 3 g L-1 (ERESS, 1972; Guendouz, 1985). In the northern part of the study area, the CI 

aquifer has a depth between 1600 m and 2500 m; the average yield is 80 L s-1 and the temperature 

is bigger than 60 °C (Sedrati, 2011; Bouziane and Labadi, 2009). The Albian and Aptian aquifers are 

included in the Continental Intercalary (CI). 

Complex Terminal (CT) is the name used for a group of several aquifers located in different 

geological formations of Early Cretaceous and detrital Mio-Pliocene (Ould Baba Sy and Besbes, 

2007). The CT extends over the major part of the sedimentary basin in Algeria and Tunisia, it is 

unconfined or semi-confined, with its main recharge area in the central Sahara. The CT aquifer 

system is generally unconfined, and direct recharge has taken place in the past and is possibly 

occurring at present at the Saharan Atlas. Groundwater development has mainly taken place in 

the sandy Mio–Pliocene formation, except to the north of the Chotts where the carbonates have 

been exploited (Guendouz et al., 2003). In the study area, the thickness of the Complex Terminal 

(CT) aquifer is known only approximately because of the uncertainties associated with the deep 

erosion occurred during Cenozoic. However, in the CT aquifer system is possible to recognize: 

Turonian aquifer (Ta), Maestrichtian-Campanian aquifer (MCa), Tolga aquifer (AT), Aquifer of sand 

(As), Mio-Pliocene aquifer (MPa) and Quaternary aquifer (Qa), which are divided respectively by 

Coniancian Santonian (CSi) and Middle Eocene impermeable levels.  

The CT aquifer system is made up of (Benhamida, 2008; MdH 1980): 

 Turonian aquifer (Ta). This aquifer is hosted in fissured limestone and dolomitic limestone of 

Turonian age. It is located mainly in the north of the study area and its depth ranges between 

900 and 1200 m. Groundwater has good quality but the aquifer is not very exploited. 
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 Tolga aquifer (AT) in the south of the area, Maestrichtian-Campanian aquifer (MCa) in the 

north. This aquifer is hosted in fissured limestone of lower Eocene age. The depth of this 

aquifer ranges from 100 to 500 m in the Tolga and Louis region, respectively. The yield ranges 

from 10 to 30 L s-1. 

 Mio-Pliocene aquifer (MPa), Aquifer of sand (As) (MdH, 1980). It is a wide aquifer in the Wilaya 

of Biskra and it consists of a succession of clay, sand and gravel levels. The permeability values 

change because it is an heterogeneous aquifer system. The thickness varies from 20 to 150 m 

and the average yield is 15 L s-1. 

 Quaternary aquifer (Qa). This aquifer is hosted in alluvial deposits and it is feed by vertical 

infiltration. Groundwater has good quality and it is used for drinking and domestic purposes. 

The thickness ranges from 100 to 300 m and with a flux between 5 and 20 L s-1. 

3.1.3.3. Hydraulic potentiality 

In the entire Wilaya of Biskra, the hydraulic potentiality is estimated to 2,113.86 hm3 year-1, of 

which 96.62% is groundwater (namely 2,042.43 hm3), but only 43% is used, and 3.38% is 

represented by surface water (namely 71.43 hm3) stored in two dams: “Fontaine des gazelles” and 

“Foum el Gherza”. The daily water supply is 262 L inhab-1 in urban zone and 226 L inhab-1 in rural 

zone, that is higher than the national average (Sedrati, 2011). In the Wilaya of Biskra, groundwater 

is exploited for different purposes (domestic, agricultural, industrial) (Table 3.2) (Benhamida, 

2008). 

Aquifer N.Tot.Well N.Well AEP N.Well IRR N.Well IND Q (hm³ year
-1

) 

Quaternary 1486 76 1409 1 60.269 

Mio-Pliocene 5891 101 5780 10 265.21 

Upper Miocene 55 38 17 
 

6.506 

Lower Eocene 1408 64 1341 3 166.889 

Maestrichtian -Campanian 39 2 37 
 

15.949 

Turonian 24 10 14 
 

0.529 

Albo-Barremian 19 12 7 
 

39.408 

 

Table 3.2. Exploitation of aquifers (hm3 year-1) in the study area (AEP: drinking water; IRR: irrigation water; IND: 
water for industrial use) (from Benhamida, 2008). 

 

Water has an important role in all human activities in the region, hence the rapidly changing socio-

economic context has generated an increase in water demand. In fact, from 1950 to 2008 the 
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groundwater exploitation increased from 3.2 to 18 m3 s-1 because of the growth in the number of 

wells (from 1,141 wells in 9,908 wells). This situation has resulted in the depletion of the 

groundwater resource and increased salinity. In order to meet the higher water demand, the fossil 

aquifers of the CT, that represent a valuable and not renewable resource, were exploited 

(Benhamida, 2008; ANRH, 2010; Sedrati, 2011). 

3.1.3.4. Inféro-flux aquifer in the wadi Biskra 

The wide alluvial valley of the wadi Biskra is composed by very coarse to very fine sediments 

representing the old, recent and present alluvium deposited during the Holocene. They are in 

hydraulic continuity and host an important phreatic aquifer called inféro-flux. On the riversides, a 

succession of marine to continental environment, made up by conglomerates, sandstones, marls 

and clays deposited from Mio-Pliocene to upper Pliocene, outcrops, with elevations ranging from 

150 to 200 m. As reported by MdH (1980), the permeability of such successions is low and 

groundwater could be hosted only within coarse levels and sandy lenses. For these characteristics, 

the Neogene formations can be considered as the impermeable rocky basement of the alluvial 

aquifer. 

According to the inventory campaign of water points carried out by ANRH in 2008, 34 wells are 

currently pumping groundwater from the inféro-flux aquifer in the wadi Biskra for drinking water 

supply of the city of Biskra (90%) and for farms irrigation (10%). The volume of water withdrawn 

yearly is estimated to be about 5 hm3 year-1, with chemical quality properties variable depending 

on zones and with an average salinity from 2 to 4 g L-1. In the last decades, following the 

development of the city of Biskra and to address the need of water from farming activities the 

demand has increased leading to a considerable exploitation of the aquifer and automatically a 

significant decrease of water table levels (ANRH, 2013). 
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3.2. Oum Zessar area (Tunisia) 

3.2.1. Physio-geographical description 

The study area in Tunisia, which includes the watershed of Oum Zessar, can be considered, from 

the ecological, hydrological as well as socio-economical point of view, as representative of the arid 

south-eastern Tunisia. This area belongs to the province (gouvernorat) of Médenine and it covers 

administratively several counties (délégations) as Béni Khédache, Médenine and Sidi Makhlouf. It 

stretches from the limit of the Great Oriental Erg in the west and crosses the Dahar plateau and 

Jeffara plain before ending into the Mediterranean Sea (Gulf of Gabès) (Fig. 3.6). 

 
Figure 3.6. Oum Zessar study area 

 

The Dahar is a calcareous plateau with an elevation ranging from 400 to 600 m a.s.l., that stretches 

out with a NW-SE direction. It is dissected by small wadis and it ends to east in a cuesta, a 

landform with an inclined upland slope and a relatively steep escarpment descending abruptly 

from its crest (Ouessar, 2007). The eastern limit of the Great Oriental Erg is located in the western 

part of the study area. The substructure of the Tunisian Erg is covered by a calcareous stratum of 



92 
 

the upper Cretaceous which disappears under dune formations to the west. The sand dune fields 

are formed by alignments of long stretched form called “sif” and their dominating direction is NE-

SW. Within the dune fields, locally, hills of submerging limestone appear. They reach heights that 

range from 200 to 250 m and are called “gour”. Because of the precipitation being almost nil, the 

wind activities prevail (Mzabi, 1988; Ouessar et al, 2002). The Jeffara is a large plain made up of 

crusted Quaternary deposits that stretches between the Matmata mountains, the Dahar, the 

littoral and the borders with Libya. At highest, it reaches an elevation of 100 m a.s.l.; the plain is 

crossed by a several wadis which drain the mountain zone and, after having run a long distance 

under a rather flat slope, they flow into the sea or sebkhats (Ouessar et al., 2002; Ouessar, 2007). 

Within the study area, the Oum Zessar watershed includes a very dense hydrographic network 

that starts in the Dahar plateau and then drains the Jeffara plain. The main wadis are: wadi Nagab, 

wadi Hallouf, wadi Moggar, wadi Nkim and wadi Koutine. They converge in the wadi Oum Zessar 

which flows into Sebkha Oum Zessar before reaching the Gulf of Gabès (Ouessar, 2007). Other 

important wadis, in the Médenine region, are wadi Arniane-Megarine and wadi Hajar. 

The study area is typically agro-pastoral, with crop cultivation expanding rapidly in flatter areas 

and marginal rangelands. Expansion of crop lands has had negative effects on native rangelands, 

as native vegetation declines and animals have a smaller grazing area. Desertification processes 

are on-going and they are aggravated by anthropogenic pressures, which are driven by changes in 

socio-economic policies and population growth. In sum, this area has the following key biophysical 

and socio-economic characteristics: i) degraded drylands; ii) low rainfall; iii) water scarcity; iv) 

accelerated expansion of rain-fed and irrigated agriculture for olive trees and cereals; v) high 

demand for irrigation; vi) mixed public and private agronomic system; vii) rapid population growth 

and urbanization. All these factors make the area highly vulnerable to the impacts of climate 

change, complicating the challenges people face, in terms of achieving balance between improving 

livelihoods and environmental protection (Sghaier et al., 2011).  

3.2.2. Climatic context 

The study area is characterised by an arid Mediterranean climate that is influenced by the Dahar 

and the Matmata (continental arid) on the one hand, and the Mediterranean Sea (Gulf of Gabès) 

(maritime arid) on the other. 

The temperature is affected by the proximity to the sea and the altitude. The coldest months are 

December, January and February with occasional freezing (up to -3 °C). June-August is the 
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warmest period of the year during which the temperature could reach as high as 48 °C (Ouessar et 

al., 2003; Ouessar, 2007). 

The average annual rainfall is between 150 and 240 mm per year and around 20 rainy days 

(rainfall more than 0 mm) are recorded each year (Ouessar, 2007; Ouessar et al., 2008). The “wet” 

season stretches out over the months of November, December and January and the summer 

months (June-August) are almost rainless (Fig. 3.7). Rainfall is characterised by high variability, 

both in time and space. Highly intense showers (more than 50 mm h-1) could occur at any moment 

during the period September-March. Rainfall showers with a very high intensity (more than 80 mm 

h-1 and 100 mm h-1) could be expected once per decade and within 35 years, respectively 

(Ouessar, 2007). 

 

 

 

 

 

 

 

 

 
Figure 3.7. Average monthly rainfall from 1981 to 2010 

 

The principal winds affecting the plain are: in winter the cool and humid eastern/northeastern 

winds, and in summer the hot and dry southeastern winds, called “Chhili” or “Guebli”. These winds 

accelerate evapotranspiration and cause soil erosion. The wind direction in the mountains is not 

well defined but is generally from the NE and S to NNW (Ouessar et al., 2002; Sghaier et al., 2011). 

With high temperature and low rainfall, the potential evapotranspiration (ET0) is very high. It 

reaches, for example, in Médenine, 1450 mm. Thus, the climatic water balance is almost negative 

throughout the year (Ouessar, 2007; Adham et al., 2016). 
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3.2.3. Geological and hydrogeological setting 

The hydrogeology of the study area is conditioned by morphostructural and geological features 

that allow to distinguish two domains: (i) the sedimentary-Mesozoic basin of Jeffara, formed since 

the Lower Paleozoic, and (ii) the Jeffara escarpment including the Tunisian Dahar domain (Ben 

Ayed, 1986; Raulin et al., 2011; Gabtni et al., 2009, 2012; Bahrouni et al., 2014).  

The Jeffara escarpment and Tunisian Dahar domain represents the southern side of a wide gentle 

anticline, first thrusting unit above the southern Tellian Tunisian deformation front. The NNW-SSE 

trending anticline axis weakly dips toward SE. The southern flank is slightly dipping of 1° to 2° 

westward (Busson, 1967; Gabtni et al., 2009) and to SW (Bouaziz et al., 2002; Bodin et al., 2010). 

The northern flank of the Jeffara escarpment is absent because it collapsed and after it was filled 

by the Jeffara Cenozoic/Quaternary deposits. The Dahar was built up through the reactivation of 

the Panafrican faults systems (Gabtni et al. 2012) and affected by E-W and NW-SE Tethysian faults 

(Bahrouni et al., 2014). 

The Tunisian Jeffara basin represents a low-flat-sub-tabulary topography that is bounded by the 

Gabès gulf and the Mediterranean Sea to the north and to the west by the morphologic edge of 

the Dahar domain, whose layers are covered by Tertiary and Quaternary deposits. The Jeffara is 

divided into two zones: the Continental Jeffara, which constitutes a transition area to the 

Mesozoic/Cenozoic outcrops of the Dahar, and the coastal plain of the Maritime Jeffara (IRA, 

2013). The latter is characterized by an intense system of faults that are grouped into three 

categories:  

 the rift fault system: known as the "southern Tunisia accident" that consists of a series of faults 

that affect Matmata and Tebaga. The fault of Médenine, with a NW-SE orientation, is the main 

fault. Its rejection becomes more important from the north to the south reaching 1000 m; 

 the thrust faults: perpendicular to the rift fault system; 

 the readjustment faults that have the same orientation of the thrust faults. 

3.2.3.1. The stratigraphic successions 

The study area mainly consists of sedimentary successions aging from Permian to Holocene 

(Ouessar, 2007; IRA, 2013): 
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 Permian. Permian outcroppings in Tunisia and Africa are encountered in Jebel Tébaga. They 

form a monoclinal with southern dip. Sedimentation is represented essentially by clay and 

sandstone or limestone coral reef biohermal complex. 

 Triassic. It outcrops in the southern part of Jebel Tébaga and it is present under three 

stratigraphic and lithological formations: Lower Triassic and medium Triassic; dolomitic Triassic, 

made of dolomite formation, evaporate Triassic made of evaporate formation. In the 

continental Jeffara, Lower to Middle Triassic formations outcrop along the wadis because of the 

erosional processes affecting the Cenozoic deposits (Arras et al., 2015). 

 Jurassic. It is discordant with Paleozoic. It is generally formed by two calcareous flagstones 

separated by the alternation of dolomite limestones and clays (often marly). 

 Cretaceous. Lower Cretaceous is represented by two different formations: a formation of fluvio-

continental origin at the base (Asfer formation of Purbecko-Wealdian) and a formation of 

marine origin with sandy limestones of Barremo-Bedoulian. 

 Mio-Pliocene. It forms a complex of fluvio-continental origin (erosion of the relief). It is made of 

pebbles of various natures: clays and multi-colored sands. In the upstream of the fault of 

Médenine, it is either intensively eroded or is deposited in some sites. Downstream from the 

fault, it is discordant with the Senonian substratum. 

 Quaternary. The old Quaternary is made exclusively of calcareous (or sometimes gypseous) 

crust containing limestone concretions. The thickness does not exceed 10 m. The recent 

Quaternary is represented by the deposits: terraces found on the banks of the wadis; the silts 

or ‘loess of Matmatas’, which are very fine detrital particles transported by the wind and 

accumulated in the deep valleys and wadi alluviums. 

3.2.3.2. Hydrogeological features 

According to Ouessar and Yahyaoui (2006), in the Jeffara basin the groundwater system can be 

subdivided into shallow and deep aquifers. The shallow aquifer is hosted into the Quaternary 

formations whereas the deep aquifers include the lower Triassic, Jurassic, Cretaceous and Mio-

Pliocene aquifers. 

The shallow aquifer of Jeffara of Médenine covers all the coastal plain. It is hosted in the 

Quaternary deposits consisting of continental alluvium containing sand, clay and gravel. The 

thickness of this aquifer is controlled by tectonic features as well as the collapse of the coastal 

plain, however, in general, it increases progressively towards the sea. The depth of wells that 
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exploit the shallow aquifer ranges from 3 to 20 m. The transmissivity varies from 5-9*10-4 to 8-

9*10-3 m2 s-1. The recharge of this aquifer is mainly represented by direct infiltration of rainfall and 

excess irrigation water. In some coastal areas, especially close to El Jorf and Zarzis, the piezometric 

surface is below sea level (-2 m). This situation induces the local inversion of the hydraulic gradient 

and in these areas the risk of groundwater salinization by seawater intrusion is high (Trabelsi et al., 

2012). 

The deep aquifer system include several aquifers: the Triassic sandstone aquifer, the Jurassic 

aquifer of Béni Khédache (BK) in the Dahar, the Zeuss-Koutine (ZK) aquifer and the Mio-Pliocene 

aquifer in the Jeffara. 

The aquifer of the Triassic sandstone (Grès de Trias) stretches over a large area between the two 

provinces of Médenine and Tataouine (Khalili, 1986; Yahyaoui, 2001). In the study area, it is 

limited by the outcrops of the upper Permian (Jebel Tébaga) to the north, by the outcroppings of 

Dahar to the west and by the Jurassic aquifer to the east (Ouessar, 2007). Thus, the reservoir is 

either covered by the MPQ layers or the Triassic outcrops and receive directly the runoff water. 

Therefore, the piedmont area and the wadis are considered the preferential recharge areas. The 

transmissivity varies from 0.33*10-3 to 8.4*10-3 m2 s-1 (Yahyaoui, 2007). The renewable resources 

are estimated to 150 L s-1 and the salinity varies between less than 1 and 3 g L-1. It is used mainly 

for drinking water and irrigation. Since the end of the ‘90s, the rate of exploitation exceeded the 

renewable resources. In 2010, the rate of overuse reached 160% which resulted in some tendency 

of piezometric level decline (IRA, 2013).  

In the Dahar, the Jurassic formations host two carbonated aquifers (BK): an aquifer hosted in the 

condensed series of the upper Triassic to the lower Bathonian and a calcareous aquifer of the 

upper Jurassic. These two adjacent aquifers are separated by the Techout formation (clay and 

sandstones) (Yahyaoui, 2001). The Béni Khédache aquifer can be reached at 200-300 m b.g.l.. It is 

directly replenished by the infiltration of runoff water in the Dhahar or the percolation from the 

eastern cliff. (Ouessar, 2007) 

In the Jeffara, the aquifer of Zeuss-Koutine (ZK) includes two main entities separated by the fault 

of Medenine: ZK Jurassic aquifer and ZK Senonian aquifer. The ZK Jurassic aquifer consists of a 

series of dolomite black marls of basal Jurassic. In some sites, this aquifer is covered by very low 

permeable marl and marly limestone layers. In the western part, groundwater has good quality 

(1.5 g L-1) because the aquifer is well replenished. Towards south and north, the aquifer becomes 
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deeper and the salinity can reach 5 g L-1. In the ZK Lower Senonian aquifer, the unconfined layer of 

the lower Senonian and Turonian can be replenished by runoff but also by lateral flow from the ZK 

Jurassic through the fault. However, the confined part of the aquifer is covered by an impermeable 

layer of marls and clay of MPQ and it is replenished only laterally through the fault. The Zeuss-

Koutine aquifer is mainly exploited for drinking water supply and irrigation. The renewable 

resources are estimated to 350 L s-1 (Ouessar, 2007). 

The Mio-Pliocene aquifer extends on a very vast area from wadi Akarit at the north of Gabès to 

Zarzis passing through the extreme downstream portion of the study area. It is hosted in the 

Miocene continental deposits which consist of red clays with intercalation of conglomeratic and 

sandy levels produced after the post-Cretaceous erosion (Benton et al., 2000). The thickness of 

these sand deposits increases from 25 to 80 m towards the sea. They are characterized by fine 

granulometry and permeability ranges from 2*10−5 to 4*10−4 m s-1 (Kamel et al., 2013a). 

3.2.4. Water harvesting techniques (WHT) and groundwater recharge structures 

In SE Tunisia, because of water scarcity, various water harvesting techniques have been 

introduced over many centuries to make the land productive irrespective of its geographical 

location. The massive water harvesting projects in the province of Médenine, and particularly in 

the watershed of wadi Oum Zessar, started in the 1980s. However, the large intervention was 

undertaken during 1990-2000 for the implementation of the national strategies for soil and water 

conservation and water resources mobilization (Mahdhi et al., 2000). Watershed treatments 

concerned the construction of jessour, tabias, contour stone ridges and also 177 groundwater 

recharge gabion check dams, 21 flood spreading gabion check dams and 8 recharge wells were 

installed (Ouessar, 2007). These interventions were continued with a slower pace in the decade 

2001-2010 (Lachiheb, 2012). 

3.2.4.1. Jessour 

Jessour is an ancient runoff water harvesting technique widely spread in the region of the 

mountains of Matmata. Arranged in the form of a gradoni, the jessour generally occupies inter 

mountain and hill water courses to intercept runoff and sediments. Jessour is the plural of jessr, 

which is a hydraulic unit made of three components: the impluvium, the terrace and the dyke (Fig. 

3.8) (Fleskens et al., 2005; Schiettecatte et al., 2005; Ouessar, 2007). 
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Figure 3.8. Jessour (from Ouessar, 2007) 

 

The impluvium or the catchment is the area which collects and conveys runoff water and it is 

bounded by a natural water divide line. Each unit has its own impluvium, but can also receive 

excess water from upstream units. The terrace or cropping zone is the area in which farming is 

practiced. It is formed progressively by the deposition of sediment which creates an artificial soil 

(up to 5 m deep) close to the dyke. Usually, fruit trees (e.g., olive, fig, almond and date palm), 

legumes (e.g., pea, chickpeas, lentil and faba bean) and barley and wheat are cultivated on these 

terraces. The dyke (tabia, sed, katra) is a barrier used to block the sediments and runoff water. 

Such dyke is made of earth and is equipped with a central and/or lateral spillway (masref and/or 

manfes) and one or two abutments (ktef), assuring the evacuation of excess water. The spillway is 

made of stones arranged in the form of stairs to break down the kinetic energy of the overflow 

(Ouessar et al., 2002; Ouessar, 2007). Although the jessour technique was developed for 

agricultural purposes, it plays three additional roles: (i) aquifer recharge, via runoff water 

infiltration into the terraces; (ii) flood control and therefore the protection of infrastructure 

installed downstream and (iii) wind erosion control, by preventing sediment from reaching the 

downstream plains, where the wind is very active (Ouessar, 2007). 
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3.2.4.2. Tabias 

The Tabia technique is a replica of the jessour system constructed in the foothill and piedmont 

areas where the slope does not exceed 3% and the soils are relatively deep (Fig. 3.9). Tabias, like 

jessour, include: a dyke (50-150 m in length, 1-1.5 m in height), a spillway (central and/or lateral) 

and an impluvium. They differ from jessour because they contain two additional lateral bunds (up 

to 30 m long) and sometimes a small flood diversion dyke (mgoud). Fruit trees and annual crops 

are usually cultivated in the tabias. Besides their water harvesting qualities, they have also a 

positive effect on soil erosion and groundwater recharge (Ouessar et al., 2003; Ouessar, 2007). 

 

 

 

 

 

 

 

 

 

Figure 3.9. Tabias (from Ouessar, 2007) 

 

3.2.4.3. Gabion check dams 

These structures are made of blocks of galvanized nets (gabion) filled with rocks and they are built 

into the wadi beds (Fig. 3.10a,b). The average height varies from 1 to 3 m and its length is a 

function of the width of the wadi bed. They are used to slow down the runoff flow and to increase 

the infiltration rate into the aquifer, through the creation of temporary ponds (up to 2 m deep).  

Another purpose is to divert a portion of the runoff to neighboring cultivated fields (tabias) 

(Ouessar et al., 2003; Ouessar, 2007). Because of the sedimentation of the eroded materials, made 

mainly in the most of the cases of fine to medium particles, the gabion structures are affected by a 

gradual decrease of the storage capacity and the hydraulic conductivity: the initial stream beds are 

transformed, in the long run, to flat nearly impermeable terraces. Therefore, for the sites that are 
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almost filled up with sediments and since dredging is costly, cultivation is strongly recommended 

because the soil is deep enough to grow trees, annuals, medicinal plants or fodder species. In 

addition, ploughing can break up the crusts and enhance infiltration and percolation (Ouessar, 

2007). 

 
Figure 3.10. (a) and (b) Gabion check dam into the wadi bed (from Ouessar, 2007) 

 

3.2.4.4. Recharge wells 

In wadi beds where the permeability of the underlying bedrock was judged too low, recharge wells 

were drilled in the middle of the impoundment area of the gabion check dams to ensure direct 

recharge of the aquifer (Fig. 3.11a,b) (Ouessar, 2007; IRA, 2010). The efficiency of the recharge 

wells filters was studied in the laboratory using a prototype: the filter lost 50% of its efficiency 

after the 5th run (equivalent of few years of operations) and more than 95% after the last run 

(Temmerman, 2004; Ouessar, 2007; Ouessar et al., 2010). 

 

 

 

 

 

 

 

Figure 3.11. (a) and (b) Recharge well into the wadi bed (from Ouessar, 2007) 

a 

b 

a b 
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According to Ouessar et al. (2010), among the 8 recharge wells installed, only two are functioning 

properly. A reason is the wrong positioning but the major causes are: underestimation of the 

required depth to reach the groundwater or permeable layer; use of inappropriate drilling 

machinery which encounter difficulties in perforating very hard rock layers; unexpected geological 

settings (faults, geological layer) because of the absence of geophysical surveys. 



102 
 

4. METHODOLOGICAL APPROACH 

Within this PhD research, a methodology aiming at defining guidelines for the design and 

implementation of integrated and innovative MAR systems was developed. As the integration of 

the different components of the water resources system (WRS), which are related to MAR, is 

critical for successful MAR implementation, this methodology requires an interdisciplinary 

approach. It can be applied in arid and semi-arid environments. However, in these contexts, its 

application can be complex due to the difficulties in collecting a sufficient number of quality data 

in order to create the baseline knowledge necessary to design the MAR systems. 

This methodology was tested in the two study areas: the watershed of the wadi Biskra in Algeria 

and the Oum Zessar area in Tunisia. For this purpose, this activity was carried out within the 

interdisciplinary research group of the WADIS-MAR project that includes different kinds of 

expertise on hydrology, geology, hydrogeology, hydrogeochemistry and hydraulic engineering. 

The conceptual and methodological framework for MAR systems design and implementation is 

illustrated in Fig. 4.1. The principle guidelines and the planning steps are briefly described in the 

following. 

4.1. Step 1: IWRM problem identification 

The MAR planning starts with a preliminary characterization of the study area followed by an 

analysis of the water resources system (WRS) and the existing water resources problem within the 

IWRM. For this purpose, it is fundamental to involve in a participatory process relevant 

stakeholders that are engaged, at different level, in the water management, particularly with 

regard to groundwater. After identifying the real problem facing the WRS, the first MAR planning 

task is to assess whether MAR can be a potential response. 

4.2. Step 2: Water Resources System (WRS) components assessment  

If MAR is a possible solution, then a study of the WRS components (hydrological, hydrogeological 

and hydrogeochemical) is required to create the baseline knowledge that is essential in order to 

identify suitable sites and the best technical innovative solutions for the MAR systems 

implementation. Through the analysis of existing and/or new data and by using models, it is 

important to define the water budget, the hydrogeological and hydrogeochemical model as well 

as the initial qualitative state of groundwater (by chemical and isotopic analysis).  
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Figure 4.1. Flowchart related to the methodology developed for MAR systems design and implementation 

 

4.2.1. Water budget 

The water budget calculation is important because it provides a more or less accurate estimate of 

the water resources in the study area, in particular concerning the natural recharge of aquifers. 

Generally, it is more practical to estimate the water balance at a small scale such as that of a 

watershed. The estimated groundwater recharge represents the reference water volume to assess 

the impacts on aquifers, in terms of quantity, that the designed MAR systems could have. 

The interaction of climate, geology, morphology, soil condition, and vegetation determines the 

recharge process. In general, in (semi-)arid areas, potential evapotranspiration on average exceeds 

rainfall, so that groundwater recharge particularly depends on high concentrated rainfall events, 

accumulation of rain water in depressions and streams, and the ability of rain water to escape 
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evapotranspiration by rapid percolation through cracks, fissures, or solution channels. Recharge is 

normally hampered by thick alluvial soils, which allow high retention storage during the wet 

season, and vegetation that subsequently extracts soil water in the next dry season. In contrast, a 

poor vegetation cover on a permeable soil or a fractured porous bedrock near the surface, 

together with high-intensity rainfall, create favourable conditions for recharge (De Vries and 

Simmers, 2002). 

Methods for determining groundwater recharge have been intensively discussed in literature 

(Lerner et al., 1990; De Vries and Simmers, 2002; Scanlon et al., 2002). Groundwater recharge can 

be estimated using several approaches depending on the availability of data and the required level 

of accuracy, including the following: (1) inflow estimation, such as soil moisture budgets and 

tracers (Allison et al., 1994); (2) aquifer response (water level fluctuation method) (Sophocleous, 

1991); (3) catchment water balance (Essery and Wilcock, 1990) and chloride and bromide mass 

balance methods (Bazuhair and Wood, 1996). Recharge can also be estimated using numerical 

models that however require sufficiently complete and reliable data in input and for calibration 

and validation. Since last two decades, several models have integrated Geographical Information 

Systems (GIS) that represent effective tools for handling spatial data and allow for the integration 

of diverse datasets (Shaban et al., 2006; Vijay et al., 2007; Spadoni et al., 2010). Among these, one 

of the models most widespread in the world, open source and integrated into the GIS 

environment is SWAT (Soil and Water Assessment Tool), developed by USDA Agricultural Research 

Service (USDA-ARS) and Texas A & M AgriLife Research. It is a phisically-based and spatially semi-

distributed model , which simulates processes at watershed scale on daily time steps (Arnold et 

al., 1998; Neitsch et al., 2005). The watershed is discretized into sub-basins which are then further 

subdivided into Hydrologic Response Units (HRUs), allowing simulation of a high level of spatial 

detail. HRUs are the smallest spatial units of calculation in SWAT and are homogeneous in terms of 

soils, land use and slope (Gassman et al., 2007; Xu et al., 2009). Major model components include 

hydrology, weather, soil erosion, plant growth, land management, groundwater, lateral flow, 

nutrients and pesticides. SWAT separates the simulation of the hydrology into two major divisions: 

the land phase, that controls the amount of water, sediment, nutrient and pesticide loadings to 

the main channel in each sub-basin; the routing phase which can be defined as the movement of 

water, sediments and etc. through the channel network of the watershed to the outlet (Xu et al., 

2009; Neitsch et al., 2005). During the land phase, the hydrological model uses for each HRU the 

water balance equation which includes daily rainfall, runoff, evapotranspiration, percolation to 
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aquifers (shallow and deep aquifers), lateral or sub-surface flow and return flow (groundwater 

flow that returns to the channel network). Surface runoff and infiltration from daily rainfall are 

estimated using the SCS curve number method. Evapotranspiration is estimated by using three 

options: (i) Hargreaves, (ii) Priestley-Taylor and (iii) Penman-Monteith. In the routing phase, the 

flow routing in the river channels is computed using the variable storage coefficient method or 

Muskingum method (Xu et al., 2009; Betrie et al., 2011). 

To estimate the long-term average groundwater recharge, surface runoff and evapotranspiration 

in Dire Dawa (Ethiopia), Tilahun and Merkel (2009) used WetSpass, which is a spatially distributed 

water balance model. WetSpass is a physically-based methodology that uses land cover, soil type, 

topography and long-term average standard hydrometerological parameters as input. It integrates 

GIS and the water balance method (Batelaan and De Smedt, 2001, 2007). 

In many cases, especially in developing countries, certain boundary conditions (system stresses), 

such as precipitation, evapotranspiration, aquifer recharge, and stream flow discharge, are not 

easily quantifiable, or data regarding these parameters are often not available. In these cases, 

their values must be estimated using an objective procedure (called model calibration or 

parameter estimation) that is consistent with observed field measurements (Ghiglieri et al., 2010; 

Spadoni et al., 2010). What is needed then is a relatively simple, reasonably accurate estimate of 

groundwater recharge that relies on readily available information. A parametric method that was 

tested in semi-arid regions in the Mediterranean area is the Kennessey method (Spadoni et al., 

2010; Ghiglieri et al., 2014a; Grillone et al., 2014), which is a physiography-based indirect method 

for determining the runoff coefficient and the water budget at watershed-scale. The groundwater 

recharge is obtained as the difference from the water balance equation (Ghiglieri et al., 2014a). 

This approach is not a substitute for traditional methodologies that rely on expensive field 

datasets, but it has important advantages in providing a reasonable, but conservative, first 

approximation of the watershed-scale water balance, particularly in ungauged watersheds. 

Moreover, among the simple empirical models, the Kennessey method provides values by 

accounting for the main factors wherefrom the components of the water budget are conditioned: 

climate characteristic, surface permeability, mean slope and vegetation cover (Ghiglieri et al, 

2014a). The major constraint of this kind of approach is that the accuracy of the recharge estimate 

depends on the accuracy with which the other components in the water budget equation are 

measured and/or calculated. This limitation is critical when the magnitude of the recharge rate is 
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small relative to that of the other variables, in particular evapotranspiration, which is the condition 

that typically occurs in arid regions (De Vries and Simmers, 2002; Scanlon et al., 2002). Another 

aspect that should be taken into account is the time scale for the water budget estimation. If the 

water budget is calculated on a daily time step, precipitation sometimes greatly exceeds the 

evapotranspiration on a single day, especially in arid environments. Averaging over longer time 

periods tends to dampen out extreme precipitation events that are the most responsible for the 

recharge of aquifers. 

4.2.2. Three-dimensional (3D) hydrogeological model 

A robust hydrogeological assessment is critical to identify the best hydrogeological conditions for 

the MAR systems realization in the study area and also to define the most suitable techniques. In 

particular, it has been shown that combining geological, groundwater chemistry and lithological 

data is helpful during the construction of conceptual hydrogeological models in order to define 

groundwater flow directions, groundwater recharge/discharge zones, hydrodynamic boundaries 

etc. (Tam et al., 2014). Conceptualisation of aquifer systems has traditionally based on two-

dimensional (2D) geological maps and cross-sections in order to develop an understanding of 

groundwater flow in three dimensions. This process typically involves significant simplification of 

geological structure and a potential reduction in understanding of the hydrogeological system 

(Turner et al., 2015). 

Since last few years, the development of techniques in 3D hydrogeological model 

reconstruction/visualization, by integrating different set of data (geological, hydrogeological, 

geophysical, etc.), has provided opportunities for improving the conceptualization of groundwater 

systems (Wycisk et al., 2009; Cox et al., 2013; Di Maio et al., 2014; Turner et al., 2015; Ghiglieri et 

al., 2016). Traditional geological maps show the two-dimensional (2D) distribution of superficial 

deposits based on the interpretation of lands forms, field examination of exposed materials and 

information from shallow excavations or drilling. Instead, three-dimensional (3D) geological maps 

and models can provide a highly sophisticated and detailed geological information and validate 

the accuracy of subsurface geology derived from land surface data and balanced geological cross 

sections. This entails consequently great potential benefits to users. The main goal of three-

dimensional (3D) stratigraphic modelling for hydrogeological studies is to evaluate complex 

geological and hydrogeological factors of subsurface environments (Turner et al., 2015; Atkinson 

et al., 2014). Deposits are differentiated by comparing their physical properties, vertical sequence 
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and lateral distribution patterns with modern models of sediment deposition. The detailed 

distribution of the thickness, depth, lateral extent, stratigraphy and geometry of aquifers can be 

displayed by using 3D visualization software to produce multiple cross sections, block diagrams, 

slice maps, etc. (Artimo et al.,2003). This provides for the most complete picture of subsurface 

geology and internally consistent and directly integrative conceptual model that can be used by 

hydrogeologists in setting up strategies for sustainable use of groundwater. 

4.2.3. Hydrogeochemical and isotopic characterization 

Prior to any managed aquifer recharge intervention, a detailed hydrogeochemical characterization 

of the study area is required to define the qualitative state of groundwater and to validate the 

hydrogeological conceptual model. In particular, it is essential: 

 to determine the water quality of the receiving aquifers and of the water to be recharged; 

 to assess hydrodynamic parameters such as groundwater flow, mixing patterns between 

different groundwater sources and residence time of groundwater in the aquifer; 

 to evaluate hydrogeochemical processes such as dissolution, precipitation, absorption, 

desorption and ion exchange reactions; 

 to identify potential contamination sources and  

 to assess the occurrence of potential natural attenuation processes. 

For these purposes, the interpretation of chemical and physical data alone is often insufficient, 

and isotopic data are required. Multi-isotopic methods are useful tools to identify the sources of 

the contaminants, to assess and quantify their natural attenuation processes and to monitor the 

success of remediation strategies at contaminated sites. The isotopic signatures are generally 

different among various contaminants sources and thus isotopes can be used to identify the origin 

of the contaminant. Nondestructive abiotic natural processes such as dispersion, sorption or 

volatilization generally do not cause significant isotope fractionation. In contrast, 

biotransformations and chemical reactions involve the formation or cleavage of chemical bonds, 

leading to enrichment of heavy isotopes in the remaining substrate because light isotopomeres 

(e.g., 12C, 1H, 35Cl, 14N, 16O) typically react faster than heavy isotopomeres (e.g., 13C, 2H, 37Cl, 15N, 

18O). Significant changes in isotope ratios over time and space can be used to evaluate and 

quantify natural and induced attenuation processes. 
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4.3. Step 3: MAR components and requirements definition 

After the confirmation of potentiality for MAR systems realization within the local WRS, it is 

necessary to define the MAR components and their requirements, in terms of type of water 

source for the recharge, the most suitable locations and the best technical solutions. 

Water resources that can be used as source for the managed aquifer recharge include surface 

water (river, lake), flash flood water, treated effluent, brackish water or desalinated water. Among 

these resources, it should be evaluated which can ensure an adequate water supply according to 

the recharge rates that potentially it would like to get through the MAR systems. Possibly, 

different water resources can be considered and used simultaneously. 

In addition to water quantity, water quality is very important to avoid further groundwater 

pollution and the exposing of humans to public health hazards. The water quality parameters 

should be verified in observance of the WHO standards (WHO, 2011) or to local guidelines. 

Another aspect to take into consideration, absolutely not secondary, it is the presence of 

substances that can cause clogging processes and consequent reduction of the MAR systems 

efficiency (see section 2.2.12 for details). If the selected recharge water does not meet the water 

quality standards or can cause problems due to clogging, then it is necessary to envisage a pre-

treatment. In this case, the cost of pre-treatment plays an important role in MAR implementation 

and must be studied in detail. Especially in developing countries, it should design easy pre-

treatment systems that consist of cheap materials which are also easy available in loco, in order to 

limit costs of maintenance and ensure the sustainability of the MAR systems in the long period. 

The selection of the most suitable sites for the MAR interventions is primarily based on 

hydrogeological and hydrogeochemical criteria. According to the results of the hydrogeological 

and hydrogeochemical characterization of the study area, the intervention sites should be 

identified in correspondence of those areas where there are the best hydrogeological conditions 

for the aquifer/s which are the target of the MAR intervention. However, it could be necessary 

also to take into account issues related to the private propriety of the areas and conflicts of 

interest concerning land use. 

Finally, this step envisages to define the best techniques for MAR design depending on local 

conditions of the intervention sites. A number of MAR techniques, such as surface infiltration, 

vadose zone infiltration, injection, bank infiltration, etc., are widely practiced around the world 

(see section 2.2 for details) and each of them involves pros and cons that should be considered 
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carefully. Often, it can be a successful strategy to design integrated systems that can better adapt 

to the specific site conditions. 

4.4. Steps 4: MAR systems design and realization 

After selecting the proper locations and techniques for MAR, a systems design is prepared. 

Especially in developing countries, it is advisable to share the MAR design with local technicians in 

particular with regard to the materials to be used for the realization of the facilities. In fact, they 

have a thorough knowledge of the local market and can make an important contribution in the 

selection of good quality materials that can be easily found in loco, in order to control the costs of 

implementation. During the implementation phase it should be provided a continuous technical-

scientific support to contracting companies and local technicians who are in charge of the 

supervision of the work, especially when the designed systems are characterized by innovative 

aspects. It should also envisage the realization of a sufficient number of piezometers associated to 

the MAR systems, located upstream and downstream of them, respect to the groundwater flow 

direction. They will be used in the phase of evaluation of the MAR efficiency.  

4.5. Steps 5: MAR systems efficiency assessment 

After that MAR systems have been realized, the next step is to assess their efficiency in terms of 

both quantity and quality, in order to determine the potential impact on aquifers. Sensors for the 

continuous monitoring of piezometric levels can be installed into the piezometers located 

upstream and downstream of the MAR systems to determine the volume of water artificially 

recharged to the aquifer and the aquifer response to recharge. In addition, groundwater sampling 

for chemical and isotopic analyses should be carried out in the same piezometers and, eventually, 

in the MAR facilities, with a frequency that should be decided case by case. Chemical and isotopic 

data provide information about the impact of the recharge water on groundwater into the aquifer, 

the generation of undesirable compounds such as NH4
+, NO2

- or H2S, as well as the attenuation 

processes such as denitrification. Which chemical and isotopic analysis have to be carried out 

should be defined case by case, according to the groundwater quality of the target aquifer and of 

the recharge water. 
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5. MATERIALS AND METHODS 

The methodology developed for the design and implementation of MAR systems in arid and semi-

arid regions was tested in the two study areas in Algeria and in Tunisia. 

In order to assess if Managed Aquifer Recharge can be considered a possible strategy to cope with 

issues related to drought and desertification processes that affect both the study areas, several 

meetings with the local partners (IRA, ANRH and OSS) and relevant Tunisian and Algerian 

stakeholders were organized within the activities of WADIS-MAR project. From these discussions it 

emerged clearly that all parties agreed on the fact that MAR can be considered maybe the only 

possible solution, at affordable costs, to increase water storage and to face issues related to IWRM 

in such arid regions, considering that: 

 groundwater represents the main water resource for the drinking water supply and for 

irrigation purposes; 

 aquifers are often affected by groundwater over-exploitation and a consequent progressive 

decline of the piezometric surface; 

 realization of dams is not an effective solution in these contexts because of high construction 

costs, high evaporation losses and rapid progressive silting due to the high solid transport 

during the concentrated runoff events that causes the reduction of the storage capacity. 

Furthermore, for the study area in Tunisia, it should be also taken into account that, since the 90s, 

the Tunisian government has identified the MAR implementation as solution to water 

management issues of the Country, within national strategies for soil and water conservation and 

water resources mobilization (Mahdhi et al., 2000). In fact, until 2010, many water harvesting 

structures such as jessour, tabias, groundwater recharge gabion check dams and also some 

recharge wells were realized in the Médenine region (Ouessar, 2007; Lachiheb, 2012). 

As second step, the assessment of the Water Resources System (WRS) components for both study 

areas, as hydrological, hydrogeological and hydrogeochemical components, was carried out. For 

this purpose, the water budget, the 3D hydrogeological model and the hydrogeochemical and 

isotopical characterization were defined. 

For the wadi Biskra watershed in Algeria, it was not possible to estimate the water budget because 

of the lack of a sufficient number of quality data to use in input for hydrological modeling, such as 

by using the SWAT (Soil and Water Assessment Tool) model, but also for the application of 
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parametric methods, such as the Kennessey method. In particular, the constraints concerning the 

data availability were: 

 only rainfall data (1974-2011) and temperature data (1990-2000) on monthly time steps of the 

weather station of Biskra, that is located in proximity of the outlet of the watershed which 

covers an area of 5,000 km2; 

 no land use data that cover the whole watershed; 

 two soil maps (1:500,000) that cover the entire watershed and 66 soil profiles that are 

concentrated only in the southern part of the study area. 

 no measured flow data that are necessary for model calibration and validation. 

5.1. Water budget definition 

5.1.1. SWAT model setup in the Tunisian study area 

Although also in the Tunisian case study several constraints occurred in collecting data for 

hydrological modeling, an attempt to implement SWAT model, in order to assess the main 

hydrological processes and to estimate the water budget in the study area in Tunisia, was done. 

For this purpose, the ArcGIS interface of SWAT2012 (Winchell et al., 2013) was used to delineate 3 

watersheds (Koutine, Megarine-Arniane and Hajar) (Fig. 5.1), which include the area that was 

circumscribed to identify the suitable sites for MAR systems implementation. The Shuttle Radar 

Topography Mission 1 Arc-Second Global (SRTMGL1) Digital Elevation Model (DEM) was used to 

define watersheds, sub-basins, stream network and outlets for each sub-basin. Newly released 

SRTMGL1 is available since October 2014 for free download through U.S. Geological Survey (USGS) 

web data tools (http://earthexplorer.usgs.gov). It covers the African continent in 1° X 1° tiles at 1 

arc-second (about 30 m) resolution. 

5.1.1.1. Soils 

Soil classes (Table 5.1) were obtained from the soil map of the Jeffara region (1:200,000) produced 

by Tamallah (2003) and modified by Ouessar et al. (2009), only for the Koutine watershed, to take 

into account the “artificial” soils built up behind the water harvesting structures (jessour and 

tabias) as deposited sediments. For the other two watersheds, the soil classes were obtained, by 

using the same classification, from the soil map of the Governorate of Médenine (Carte Agricole, 

1:200,000) (MAERH, 2003) modified to consider soils of jessour and tabias. 

 

http://earthexplorer.usgs.gov/
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Figure 5.1. Koutine, Megarine-Arniane and Hajar watersheds 

 

 

Soil Description 

AFFL Outcropping 

CRCG Calcimagnésiques sur rendzine calcaire (Rendzinas) 

ISOH Isohumiques brun calcaires tronqués (Calcic Xerosols) 

JESR Soil on terraces of jessour 

MBEH Minèraux bruts d’érosion hydrique (Regosols) 

PEAH Peu évolués d’apport hydrique (Fluviosols) 

PEEH Peu évolués d’érosion hydrique (Regosols) 

STAB Soil on terraces of tabias 

 
Table 5.1. Soil classes (from Ouessar et al., 2009) 
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5.1.1.2. Land use 

For the Koutine watershed, the land use map and the 5 land use classes (olives of jessour (OLVM), 

olives of tabias (OLVP), cultivation of cereals (CULT), rangelands of the mountains (STPJ) and 

rangelands of the plains (STPP)) proposed by Ouessar et al. (2009) were used. These classes were 

added to the SWAT database by modifying the crop model parameters and processes to represent 

Mediterranean arid cropping systems according to Ouessar (2007). For the Hajar and Megarine-

Arniane watersheds, the land use/land cover map obtained through visual interpretation of 

Landsat 8 satellite images, supported by ancillary and detailed ground truth data (Afrasinei et al. 

2015; Afrasinei, 2016), was used. The original land use classes were grouped in order to obtain a 

classification as similar as possible to that used for Koutine watershed. In Fig. 5.2, the DEM, the 

soil and land use classes for the three watersheds are illustrated. 

 

 

Figure 5.2. DEM, soil and land use maps of the three watersheds 
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5.1.1.3. Climate 

Climate data provided by IRA consisted of monthly rainfall data (1970-2012), recorded by the 

hydrological service of the Water Resources Directorate in the Ministry of Agriculture (DGRE). 

They were collected from 6 rain gauge stations (Koutine, Allamet, Ksar Hallouf, Ksar Jedid, Sidi 

Makhlouf and Béni Khedache) located inside and outside the watersheds. The only available 

rainfall and temperature data measured on daily time steps were those from the weather station 

of Médenine (1977-2012), which can also be downloaded from the website www.TuTiempo.net. 

As SWAT requires daily climate data, it was decided to import into the model the data related to 6 

weather stations of the National Centers for Environmental Prediction’s Climate Forecast System 

Reanalysis (CFSR) (1979-2014), located in and around the watersheds (Fig. 5.3), that can be 

downloaded through the SWAT website (http://globalweather.tamu.edu). 

 
 

 
Figure 5.3. Location of the rain gauge stations and the weather stations (Médenine and CFSR) 

 

http://www.tutiempo.net/
http://globalweather.tamu.edu/
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The CFSR climate data are produced using cutting-edge data-assimilation techniques (both 

conventional meteorological gauge observations and satellite irradiances) as well as highly 

advanced (and coupled) atmospheric, oceanic, and surface-modeling components at about 38 km 

resolution. This indicates that the production of CFSR data involves various spatial and temporal 

interpolations (Dile and Srinivasan, 2014). The assessment of the reliability of CFSR data compared 

to measured data was carried out through a statistical analysis in order to evaluate correlations, 

trends and accuracy. For this purpose, average daily and monthly data of rainfall and temperature 

were considered. First, average daily and monthly data of CFSR stations were compared with 

those of the Médenine weather station (the only one with daily measured data). In Fig. 5.4, the 

comparison between the CFSR station 336103 and the Médenine station is shown, as 

exemplification of the general results. They can be summarized as follows: 

 there is no correlation between average daily rainfall data; 

 very high correlation (R2= 0.98-0.99) between average daily data of max and min temperature. 

Min temperature of the CFSR station is underestimated in the summer months; 

 high correlation (R2= 0.8) between the average monthly rainfall data; trends over time are 

slightly shifted for CFSR data and accuracy presents high deviations in the summer months, 

when rainfall is very low; 

 very high correlation (R2= 0.98-0.99) between average monthly max and min temperature, with 

trends that replicate those of daily data. 

Finally, average monthly rainfall data of the CFSR stations were compared to those of the 6 rain 

gauge stations. The comparison was carried out taking into account distances, elevation and 

exposition of each station. The results showed (Fig. 5.5): 

 high correlations (R2= 0.82-0.96);  

 trends and accuracies that repeat those described above. 

5.1.1.4. Implementation in SWAT of the traditional WHT structures  

Traditional water harvesting structures (jessour and tabias) capture and use surface runoff for 

crop production, therefore they have a strong impact in the hydrological processes in the study 

area. To implement them in SWAT, they can be assimilated to terraces. In literature, in many 

SWAT applications around the world, e.g. in the USA (Tuppad et al., 2010; Gassman et al., 2006; 

Kaini et al., 2012), in China (Liu et al., 2013), in Ethiopia (Betrie et al., 2011), in Brazil (Strauch et  
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Figure 5.4. Comparison between rainfall and temperature data of the CFSR station 336103 and the Médenine station: 
a, b, c) correlation between average daily rainfall, max temperature and min temperature, respectively; d, e) trends of 
average daily max temperature and min temperature, respectively; f, g, h) correlation between average monthy 
rainfall, max temperature and min temperature, respectively; I, l, m) trends of average monthly rainfall, max 
temperature and min temperature, respectively 
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Figure 5.5. As exemplification, comparison between average monthly rainfall data of the CFSR station 336103 and the 
Koutine rain gauge station: a) correlation, b) trends 

 

al., 2013) and in Iran (Solaymani et al., 2013), terraces are simulated by acting at the HRU level on 

some parameters to achieve a reduction of runoff, erosion and sediment transport: CN2 (curve 

number for moisture condition), USLE-P (USLE support pratice factor) and in some cases SLSUBBSN 

(average subbasin slope length). In particular, in the simulations, generally, a reduced value of 5-6 

units compared to the calibration value is assigned to CN2; USLE-P, which has the default value 

1.0, varies between 0.1 and 0.18, depending on the slope. Ouessar et al. (2009) and Shao et al. 

(2013) developed new algorithms to implement WHT in SE Tunisia and different types of terraces 

in the USA, respectively. Since these modifications to the code were not incorporated in SWAT 

version 2012, probably because they were not sufficiently validated, they were not considered for 

this model set up. To implement jessour and tabias, the value 40 was assigned to CN2 parameter, 

reducing of 5 units the value assigned by default to the olives for the hydrological group A. Values 

from 0.12 to 0.18, depending on the slope classes, were assigned to USLE-P parameter. 

5.1.1.5. Constraints in the model calibration 

The only measured flow data available for calibration and validation of the model were those 

related to the outline of the Koutine watershed. They consisted of 38 runoff events recorded from 

1973 to 1984 (Ouessar et al., 2009). Considering that the climate data series of the 6 CFSR weather 

stations started from 1979, the flow data that could be used for calibration and validation were 

limited to 19 runoff events. For the other watersheds no calibration was possible. Model runs, 

both on daily and monthly time steps, from 1979 to 1984, were carried out for the Koutine 

watershed. The output flow data didn’t fit to measured flow data, with high discrepancies mainly 
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in correspondence of the extreme events. Unfortunately, the few measured available flow data 

were not sufficient to be able to calibrate and validate the model. 

Furthermore, the value of the average annual ET0 simulated by SWAT, by using the Penman-

Monteith method, was about 2300 mm y-1. It was higher than 1450 mm y-1 estimated by Ouessar 

et al. (2007) for the Médenine region that can be used as reference. As the ET0 is defined only by 

climate data, this suggests that CFSR data were not suitable to represent the high variability in 

space and time of the climate data in this context, in particular precipitation behaviour. Indeed, 

they are usually used for hydrological modeling applied on wide watersheds, such as in the case 

reported by Dile and Srinivasan (2014) (15,000 km2). 

For these reasons, the implementation of SWAT model in the study area in Tunisia was 

abandoned. Considering the available data, a less refined approach was developed by using 

parametric methods in order to achieve, at least, a reasonable first approximation of the annual 

water balance at watershed scale. Among these empirical methods, the Kennessey method was 

selected. It is a physiography-based indirect method for determining the runoff coefficient and the 

water budget at watershed scale, that was tested in ungauged watersheds in the Mediterranean 

area (Spadoni et al., 2010; Ghiglieri et al., 2014a; Grillone et al., 2014). 

5.1.2. Runoff coefficient Ck and effective infiltration 

The mean annual runoff coefficient (Ck) was determined through the procedure reported in the 

conceptual workflow in Fig. 5.6. 

The value of Ck of a river basin is the sum of three components (Ca, Cv and Cp), which represent the 

effects of the slope, vegetation land cover, and permeability of the outcropping rocks, 

respectively, on the surface runoff. According to the physical meaning of each component, partial 

runoff coefficient increases with increasing slope, with decreasing soil permeability, and by 

passing from forest land use to bare rock. Furthermore, partial runoff coefficient increases when 

passing from dry to wet climate basin conditions. Each component is classified into four classes, 

and a coefficient related to three possible values is assigned to each class based on climatic 

conditions (Table 5.2). 
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Figure 5.6. Conceptual workflow for the calculation of the runoff coefficient Ck using the Kennessey method and for the 
assessment of the natural aquifer recharge (modified from Ghiglieri et al., 2014a) 
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 Aridity Index (Ia) 

 Ia < 25 25 < Ia < 40 Ia > 40 

    

 Coefficients 

Slope (Ca)    

> 35% 0.22 0.26 0.30 

10% < S < 35% 0.12 0.16 0.20 

3.5% < S < 10% 0.01 0.03 0.05 

< 3.5% 0.00 0.01 0.03 

Land cover (Cv)    

No vegetation 0.26 0.28 0.30 

Grazing land 0.17 0.21 0.25 

Cultivation/shrubby 0.07 0.11 0.15 

Woods/forests 0.03 0.04 0.05 

Permeability (Cp)    

Very low 0.21 0.26 0.30 

Low 0.16 0.21 0.25 

Medium 0.12 0.16 0.20 

Good 0.06 0.08 0.10 

High 0.03 0.04 0.05 

 
Table 5.2. Table of Kennessey coefficients classified by aridity index Ia (from Ghiglieri et al., 2014a) 

 

Because Kennessey (1930) does not mention the criteria that should be used to choose each series 

of coefficients based on climatic conditions, the annual average aridity index Ia is determined 

according to the formula proposed by De Martonne (1926) and modified by Tardi and Vittorini 

(1977) (Eq. 1): 

   
  

 
       

 
   

 
 

where P is the annual average rainfall (mm), T is the annual average temperature (°C), and p and t 

are the rainfall and the temperature of the hottest month, respectively (expressed in mm and °C, 

respectively). Barazzuoli et al. (1986) pointed out that this index, because it is a function of rainfall 

and temperature, which have the greatest influence on the climate, is better than other average 

climatic conditions in specific areas. As shown in Table 5.2, each of the three series of coefficients 

corresponds to an interval of values of the aridity index Ia. Once the partial runoff coefficients (Ca, 

Cv and Cp) are calculated, the basin Ck is evaluated by their simple sum, after weighting the basin 

homogeneous area fractions, where homogeneity has to be intended for each of the classes. 
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The runoff coefficient was calculated using a procedure within a GIS (ESRI ArcGIS 10) in which each 

vector information layer, related to the three watersheds (Koutine, Megarine-Arniane and Hajar), 

was converted to raster format using a regular square grid (the same of the SRTMGL1 DEM, about 

30 m resolution) and then processed by overlay mapping (Fig. 5.7). This procedure allowed for the 

water balance to be calculated for each grid cell of each watershed. 

 
Figure 5.7. Spatial distribution of the classes of each thematic layer (slope, permeability and land cover) for the three 
watersheds 

 

5.1.2.1. Calculation of the partial coefficients (Ca, Cv and Cp) and the runoff coefficient Ck 

The slope layer was obtained from the SRTMGL1 DEM and the slopes, expressed as percentages, 

were classified into four classes based on the method here proposed (Spadoni et al., 2010; 

Ghiglieri et al., 2014a). 
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The land cover layer was obtained from the land cover map developed by Afrasinei et al. (2015) 

through visual interpretation of Landsat 8 and validation by detailed ground truth data. The 

original land cover classes were grouped according to the four classes described in Table 5.3. 

 

Land cover (Cv) 

Class Description 

No vegetation 
areas lacking vegetation or with sparse vegetation cover, thus having minimum 
participation to the transpiration process 

Grazing land areas covered mainly by herbaceous and/or shrub vegetation 

Cultivation/shrubby 
units characterized by forest features (even sparse) and by tree and herbaceous 
cultivations 

Woods/forests 
units consisting of real and proper forests, with 75% trees and the rest possibly 
shrubs and small trees 

 
Table 5.3. Classes of land cover (from Ghiglieri et al., 2014a) 

 

The permeability layer was derived from the official geological map (1:100,000) (ONM, 1996). Each 

hydrogeological complex was defined by the aggregation of geological formations with similar 

permabilities collected from the scientific literature (Swezey, 1999; Ould Baba Sy, 2005; Ouessar 

and Yahyaoui, 2006; Yahyaoui, 2007; Kamel et al., 2013a, 2013b; Chihi et al., 2015) and then 

classified into 5 classes according to the method (Table 5.4). The spatial distribution of each class 

for each layer is shown in Fig. 5.7. 

 

Permeability (Cp) 

Class K (m s
-1

) 

Very low < 10
-9

 

Low > 10
-9

, < 10
-6

 

Medium > 10
-6

, < 10
-4

 

Good > 10
-4

, < 10
-2

 

High > 10
-2

 

 
Table 5.4. Classes of permeability (modified from Ghiglieri et al., 2014a) 

 

Monthly rainfall data from the 6 rain gauge stations (Koutine, Allamet, Ksar Hallouf, Ksar Jedid, Sidi 

Makhlouf and Beni Khedache) and from the Médenine weather station (Fig. 5.3), over a 30-year 
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period (1981-2010), were used. As temperature data, monthly data (minimum, maximum and 

mean temperature) from the 6 CFSR weather stations (Fig. 5.3) and from the Médenine station, 

for the same reference period, were used. In order to obtain monthly temperature and 

precipitation maps, a procedure based on the statistic relationship between climate data and 

geographic parameters of the study area was adopted, by using ERSI ArcGIS 10. Spatial 

interpolations of monthly climatic variables (average precipitation and average mean 

temperature) were performed through single and multiple regressions, considering elevation and 

sea distance, obtained from the SRTMGL1 DEM, as independent geographic variables (Boi et al., 

2011; Canu et al., 2014). The regression equations calculated for precipitation and mean 

temperature are reported in Table 5.5. These equations were applied to SRTM DEM and sea 

distance by means of map algebra procedures in ArcGIS to obtain the average monthly 

precipitation and temperature maps. 

 

Regression equations R
2
 Std err Signif. F 

Precipitation    

Pjan = 0.065178602Alt + -0.00061827Dist + 30.8932138 0.92 1.84 0.006 

Pfeb = 0.008341658Alt + 0.000234565Dist + 6.21888126 0.90 1.86 0.010 

Pmar = 0.0211246Alt + 13.60510566 0.70 2.74 0.020 

Papr = 0.012770804Alt + 8.907569403 0.85 1.07 0.003 

Pmay = 0.009942299Alt + 3.95638 0.55 1.78 0.058 

Pnov = 0.002934479Alt + 0.000115642Dist + 16.1887309 0.56 2.25 0.197 

Mean temperature    

Tjan = -0.00688059Alt + 12.89883567 0.90 0.32 0.001 

Tfeb = -0.004915Alt + 14.10490055 0.87 0.26 0.002 

Tmar = -0.002297993Alt + 16.50346202 0.88 0.12 0.002 

Tmay = -0.003868318Alt + 0.0000416649Dist + 22.40079949 0.56 0.36 0.195 

Tjun = -0.002727547Alt + 0.0000457967Dist + 25.54587794 0.69 0.42 0.095 

Tjul = -0.002889127Alt + 0.0000461024Dist + 27.97884066 0.51 0.60 0.239 

Toct = -0.003484902Alt + 24.03218956 0.92 0.14 0.001 

Tnov = -0.006297255Alt + 18.65762611 0.90 0.29 0.001 

Tdec = -0.007251343Alt + 14.31573398 0.91 0.31 0.001 

 
Table 5.5. Regression equations and statistics (Alt = altitude (m a.s.l.); Dist = distance from the sea (m); Std err = 
standard error; Signif. F= significance F) 

 

Two examples of these maps are illustrated in Fig. 5.8a,b. For those average monthly data, for 

which the single or multiple regression method was not appropriate (R2 < 0.5), other spatial 

interpolation methods were compared such as Kriging (spherical method), Spline and Inverse 

Distance Weighting, by using Geostatistical Analyst extension in ArcGIS. Because of the few 
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number of available stations, their spatial distribution in the study area and the low 

autocorrelations of data, the IDW method was resulted the most suitable for these spatial 

interpolations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Spatial interpolations of average monthly climatic variables (1981-2010) performed through single and 
multiple regressions: a) average monthly precipitation (January); b) average monthly mean temperature (January) 
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Once created the average monthly precipitation and mean temperature maps, the average annual 

precipitation map was obtained by the sum of monthly maps using overlay mapping, whereas the 

average annual mean temperature map was obtained as the mean of monthly temperature maps. 

In addition, the monthly precipitation and the monthly mean temperature of the hottest month 

(August) were used to calculate the aridity index Ia (Tardi and Vittorini, 1977) (Table 5.6).  

 

 P p (August)  T t (August) Ia 

Min 148.68 0.08  19.06 29.31 2.51 

Max 221.68 6.47  21.17 30.50 4.22 

Mean 169.44 2.29  20.57 29.56 3.24 

P = annual rainfall in mm; p = rainfall in the hottest month in mm; T = annual 
mean temperature in °C; t = mean temperature in the hottest month in °C. 

 
Table 5.6. Average annual rainfall and mean temperature and average rainfall and mean temperature in the hottest 
month (August) for the reference period (1981 – 2010) 

 

 

The annual average aridity index Ia was calculated for the 30-year period (1981-2010) (Eq. (1)) by 

map algebra procedure considering the same cell size of the SRTMGL1 DEM. For each watershed, 

the aridity index was less than 25 (Table 5.6) and, for this reason, the analysis considered the 

series of coefficients related to the class Ia < 25 for each thematic layer defined by the Kennessey 

method. Once the coefficient series were defined for each layer based on the aridity index value, 

the contribution of each class to the runoff coefficient for each layer and the mean value of Ck for 

each watershed were calculated (Tables 5.7, 5.8, 5.9). The spatial distribution of Ck for each 

watershed was determined using overlay mapping as a sum of the Ca, Cp and Cv values of each cell. 

The overlapping of the three maps determined a set of combinations of the coefficients, which led 

to the map of Ck. The 64 possible combinations of classes (four for each layer) and the Ck values 

were divided into six classes (Ghiglieri et al., 2014a). The spatial distribution of the runoff 

coefficient within each watershed is shown in Fig. 5.9. 
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Koutine 
    

Slope (Ca) 
    

Class Coeff. Area (km
2
) Area (%) Class contribution to Ca 

> 35% 0.22 27.80 10.24 0.023 

10% < S < 35% 0.12 68.68 25.29 0.030 

3.5% < S < 10% 0.01 105.24 38.75 0.004 

< 3.5% 0.00 69.85 25.72 0.000 

    
Ca = 0.057 

Land cover (Cv)    
Class Coeff. Area (km

2
) Area (%) Class contribution to Cv 

No vegetation 0.26 3.29 1.21 0.003 

Grazing land 0.17 92.75 34.15 0.058 

Cultivation/shrubby 0.07 175.53 64.64 0.045 

    
Cv = 0.106 

Permeability (Cp) 
   

Class Coeff. Area (km
2
) Area (%) Class contribution to Cp 

Medium 0.12 87.06 32.06 0.038 

Good 0.06 173.77 63.99 0.038 

High 0.03 10.73 3.95 0.001 

    
Cp = 0.078 

    
Ck = Ca + Cv + Cp = 0.241 

 
Table 5.7. Contribution of slope, land cover and permeability to the runoff coefficient Ck in the Koutine watershed 

 

Megarine-Arniane 

Slope (Ca) 
    

Class Coeff. Area (km
2
) Area (%) Class contribution to Ca 

> 35% 0.22 10.68 4.32 0.009 

10% < S < 35% 0.12 45.05 18.21 0.022 

3.5% < S < 10% 0.01 112.38 45.43 0.005 

< 3.5% 0.00 79.27 32.04 0.000 

    
Ca = 0.036 

Land cover (Cv)    
Class Coeff. Area (km

2
) Area (%) Class contribution to Cv 

No vegetation 0.26 22.18 8.97 0.023 

Grazing land 0.17 81.25 32.84 0.056 

Cultivation/shrubby 0.07 143.96 58.19 0.041 

    
Cv = 0.120 

Permeability (Cp) 
   

Class Coeff. Area (km
2
) Area (%) Class contribution to Cp 

Medium 0.12 120.49 48.71 0.058 

Good 0.06 126.90 51.29 0.031 

    
Cp = 0.089 

    
Ck = Ca + Cv + Cp = 0.245 

 
Table 5.8. Contribution of slope, land cover and permeability to the runoff coefficient Ck in the Megarine-Arniane 
watershed 
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Hajar 
    

Slope (Ca) 
    

Class Coeff. Area (km
2
) Area (%) Class contribution to Ca 

> 35% 0.22 2.30 2.87 0.006 

10% < S < 35% 0.12 12.66 15.77 0.019 

3.5% < S < 10% 0.01 40.54 50.49 0.005 

< 3.5% 0.00 24.78 30.87 0.000 

    
Ca = 0.030 

Land cover (Cv)    
Class Coeff. Area (km

2
) Area (%) Class contribution to Cv 

No vegetation 0.26 6.94 8.64 0.022 

Grazing land 0.17 21.72 27.05 0.046 

Cultivation/shrubby 0.07 51.63 64.31 0.045 

    
Cv = 0.113 

Permeability (Cp) 
   

Class Coeff. Area (km
2
) Area (%) Class contribution to Cp 

Medium 0.12 29.37 36.59 0.044 

Good 0.06 50.91 63.41 0.038 

    
Cp = 0.082 

    
Ck = Ca + Cv + Cp = 0.226 

 
Table 5.9. Contribution of slope, land cover and permeability to the runoff coefficient Ck in the Hajar watershed 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Spatial distribution of the runoff coefficient Ck within the three watersheds 
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5.1.2.2. Effective infiltration Ie (natural recharge of the aquifers) 

The standard water balance equation was used in order to calculate the annual average water 

budget over the 30-year period (1981-2010) and, in particular, the average annual effective 

infiltration Ie, which represents the annual natural recharge of the aquifers (Eq. 2):  

           

where P is the average annual precipitation, ETa is the annual actual evapotranspiration and R is 

the average annual runoff. Calculations were performed for each 30*30 m cell for the three 

watershed in the study area. 

Annual actual evapotranspiration was calculated by means of the empirical equation proposed by 

Turc (1954) that is commonly used in hydrogeology for annual water budget estimation (Barroccu 

and Soddu, 2006; Ghiglieri et al., 2006; Spadoni et al., 2010; Ghiglieri et al., 2014a). To take into 

account the arid climate conditions of the study area, the equation modified by Santoro (1970), 

that is considered more appropriate for arid and semiarid regions in the Mediterranean area 

(Barroccu and Soddu, 2006; Giannecchini and Doveri, 2016), was applied (Eq. 3): 

    
 

     
  

                

 

where P is the average annual precipitation (mm) and T is the average annual temperature (°C). 

By applying the following equation (Spadoni et al., 2010; Ghiglieri et al., 2014a) (Eq. 4): 

             

is possible to calculate the average annual runoff R using the runoff coefficient Ck obtained 

through the Kennessey method and finally the Ie for each cell of the watersheds as the difference 

between the average annual precipitation, actual evapotranspiration, and runoff according to Eq. 

(2). 

Unfortunately, as shown in Fig. 5.10, the annual effective rainfall (P-ET), calculated on an annual 

time scale, resulted to be < 0 on the most part of the surface of the three watersheds, except in a 

small portion at the Dahar in the Koutine and Megarine-Arniane watersheds, thereby preventing 

the estimate of runoff and effective infiltration. This fact is due to the erratic behaviour of rainfall 

in arid environments such as southern Tunisia, where rainfalls are concentrated in a few days, 
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often as extreme events. Only after short intervals but intense events, rainfall can exceed 

evapotranspiration, even greatly, leading to runoff and recharging the aquifers. For this reason, in 

order to estimate the natural recharge of aquifers, it is necessary to consider daily precipitation 

and temperature data to calculate the water budget components on daily time steps. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Spatial distribution of the annual effective rainfall (P-ET) within the three watersheds 

 

5.1.3. Estimating natural aquifer recharge using a daily soil water stress model 

In order to calculate the water budget on a daily basis, climate data (daily precipitation and mean 

temperature data) of the Médenine weather station were considered for the whole area covered 

by the three watersheds (Koutine, Megarine-Arniane and Hajar). Indeed, the climate data of the 

Médenine station are the only available measured data on daily time steps, as described above, 

but, besides that, this station can be considered as representative of the climate of the study area, 

especially for the Jeffara plain, as shown by graphs in Fig. 5.11. The water budget was estimated 

for each sub-basin of each watershed (the same sub-basins delineated for the SWAT model setup) 

over a 10-year period (2003-2012), for which the climate data series were complete. 

A simplified water balance model was applied on a daily time scale basis, through an agronomic 

approach, modifying the model proposed by Allen et al. (2006) (FAO Paper 56) that considers 

effective infiltration Ie (or deep percolation DP) as part of the surplus from water storage in the  
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Figure 5.11. Comparison between average monthly rainfall data of the Médenine weather station and average data of 
the other stations (6 rain gauges and Médenine station): a) histograms (dark blue: all stations data; light blue: 
Médenine data) , b) correlation 

 

soil. According to these authors, crop evapotranspiration under stress conditions is considered, 

and depletion water is computed as the result of water balance of the root zone, as explained in 

Fig. 5.12. For this estimation, a reference crop with standard characteristics was considered. 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.12. Water balance of the root zone (from Allen et al., 2006 (FAO Paper 56)) 

Saturation of soil active layer is reached when Total Available Water (TAW) content is maximum 

and exceeding water gives rise to runoff and deep percolation. When the soil water content drops 
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below a threshold value, soil water can no longer be transported quickly enough towards the roots 

to respond to the transpiration demand and the crop begins to experience stress. The fraction of 

TAW that a crop can extract from the root zone without suffering water stress is the readily 

available soil water: 

          

 

where RAW is the readily available soil water in the root zone (mm), p is the average fraction of 

Total Available Soil Water (TAW) that can be depleted from the root zone before moisture stress 

(reduction in ET) occurs (it ranges between 0 – 1). Usually, when referred to a standard crop a 

value of 0.50 for p is commonly used (Allen et al., 2006).  

The effects of soil water stress on crop ET is considered multiplying by the water stress coefficient 

Ks. In this study, the reference evapotranspiration ET0, used to calculate ETc, was estimated by 

using the Hargreaves equation (Hargreaves and Samani, 1985). 

Water content in the root zone can also be expressed by root zone depletion, Dr, i.e., water 

shortage relative to field capacity. At field capacity (θFC), the root zone depletion is zero (Dr = 0). 

When soil water is extracted by evapotranspiration, the depletion increases and stress will be 

induced when Dr becomes equal to RAW. After the root zone depletion exceeds RAW (the water 

content drops below the threshold θt), the root zone depletion is high enough to limit 

evapotranspiration to less than potential values and the crop evapotranspiration begins to 

decrease in proportion to the amount of water remaining in the root zone (Fig. 5.13). 

For Dr > RAW, Ks is given by: 

   
      

       
  

      

         
 

 

where Ks is a dimensionless transpiration reduction factor dependent on available soil water (0 – 

1) and the other terms are those described above. 
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Figure 5.13. Water stress coefficient Ks (from Allen et al., 2006 (FAO Paper 56)) 

 

Daily soil water balance can be described as follow (Allen et al., 2006): 

 

                                         

 

where Dr,i is the root zone depletion at the end of day i (mm), Dr,i-1 is the water content in the 

root zone at the end of the previous day, i-1 (mm), P,i is the precipitation on day i (mm), RO,i is the 

runoff from the soil surface on day i (mm), I,i is the net irrigation depth on day i that infiltrates the 

soil (mm), CR,i is the capillary rise from the groundwater table on day i (mm), ETc,i is the crop 

evapotranspiration on day i (mm) and DP,i is the deep percolation on day i (mm). 

In this simplified model, I,i and C,i are not considered:  

 

                                

So it is also true that:  
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So only when Dr,i (Dr,i - Dr,i-1) < P,i – Etc,i a water surplus (RO,i + DP,i) occurs. DP,i is the fraction 

of water surplus that can effectively infiltrate and recharge aquifers.  

In this study, TAW was considered equal to Available Water Content (AWC) of soils in the study 

area, which are reported in Ouessar et al. (2009) (Table 5.10). For each sub-basin, an average AWC 

value was calculated as weighted average of the AWC values of the soil classes considering as 

weights the areas of each soil class in the sub-basin. 

 

Soil Description 
Depth 
(cm) 

AWC 
(mm) 

AFFL Outcropping 10 12 

CRCG Calcimagnésiques sur rendzine calcaire (Rendzinas) 20 20 

ISOH Isohumiques brun calcaires tronqués (Calcic Xerosols) 40 39 

JESR Soil on terraces of jessour 200 301 

MBEH Minèraux bruts d’érosion hydrique (Regosols) 20 24 

PEAH Peu évolués d’apport hydrique (Fluviosols) 200 246 

PEEH Peu évolués d’érosion hydrique (Regosols) 20 24 

STAB Soil on terraces of tabias 100 122 

 
Table 5.10. Available Water Content (AWC) (mm) and depth (cm) of soils in the study area (modified from Ouessar et 
al., 2009) 

 

Daily runoff was estimated multiplying the water surplus by the runoff coefficient Ck calculated by 

the Kennessey method. For this purpose, an average Ck value for each sub-basin was considered. 

Finally, the daily effective infiltration Ie was obtained as difference between water surplus and 

runoff.
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5.2. 3D hydrogeological model definition 

A 3D hydrogeological model was implemented for both the study areas in Algeria and in Tunisia. 

This activity was carried out in collaboration with researchers of the Chemical and Geological 

Sciences Department of the University of Cagliari (DSCG-UNICA), within the WADIS-MAR project 

and the PhD research activity of Dr. Arras. For the Algerian case study, two different three-

dimensional models were realized: the former, at regional scale, for the whole watershed of the 

wadi Biskra; the second, at locale scale, is related to the inféro-flux aquifer in a portion of the wadi 

Biskra. The latter was built to obtain an accurate geometrical representation of the geological 

surface corresponding to the erosional contact between the Quaternary alluvial deposits and the 

rocky basement. 

In order to build accurate 3D hydrogeological models, a methodology, that takes into account the 

variety of available data and integrates data that have different descriptive attributes, was 

developed. The methodology consists of three phases as illustrated in the workflow in Fig. 5.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Conceptual workflow of the methodological approach for the 3D hydrogeological model (from WADIS-
MAR, 2016) 
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In the first phase, surface and subsurface data were employed. Surface data included satellite 

images, aerial photographs, the SRTMGL1 DEM (about 30 m resolution) downloaded from the U.S. 

Geological Survey (USGS) web data tools (http://earthexplorer.usgs.gov) and geological maps. For 

the Algerian study area, several geological raster maps, from different authors (Laffitte, 1939; 

Gouskov et al., 1962; MdH, 1980; Guiraud, 1981; Guiraud, 1998; ANRH, 2008) and at different 

scale (1:50,000 and 1:200,000), were used. For the study area in SE Tunisia, the geological features 

were collected from the official geological maps (Matmata, Mareth, Rhoumrassene, Kirchaou, 

Médenine and Ajim sheets at 1:100,000 scale) (ONM, 1996). The geological information extracted 

from these maps were assembled for a better comprehension of the geology of the two study 

areas and to implement new vectorial maps at 1:200,000 (Algeria) and 1:100,000 (Tunisia). They 

represented the base to get the 3D model. Subsurface data were essentially derived from 

borehole stratigraphic logs. Additional data were also collected during several field surveys within 

WADIS-MAR activities.  

A geodatabase, for each case study, containing all the data (structural, stratigraphic, geochemical, 

hydrogeological) was developed, to allow easy edit and update the models by integrating new 

data. The database was designed to address (i) data management, processing and analysis, as well 

as hydrogeological-conceptual model production; (ii) numerical modelling. The geodatabases are 

largely composed of archival boreholes collected from different local private and public 

institutions: 105 and 94 boreholes logs from Algerian and Tunisian institutions, respectively. 

Validation procedures and database quality control were carried out according to the criteria and 

the strategies proposed by Ross et al. (2005) and Chesnaux et al. (2011) addressed to avoid 

duplicated data, validate boreholes location and elevation and homogenize geological 

information. To facilitate correlation between highly detailed descriptions using lithofacies code 

(e.g., geologic maps) and non-standardized poorly detailed descriptions of the borehole logs, all 

the data were reclassified integrating the descriptive attributes or the lithofacies code with a 

standard code as additional attribute. In this way the old descriptions were preserved. The 

standard code was chosen for hydrogeological purpose; therefore lithologies with the same 

hydrogeological features were merged and the same standard code was assigned. In Fig. 5.15 an 

example of geodatabase is shown. 

 

 

http://earthexplorer.usgs.gov/


136 
 

 
Figure 5.15. Example of geodatabase (from Ghiglieri et al., 2014c and WADIS-MAR, 2016) 

 

The 3D modeling was performed through a stepwise refinement method to make the accuracy of 

the horizons model to be gradually and effectively improved with data such as DEM, boreholes, 

cross sections, geological and structural maps. 

In the second phase, several geological cross sections orthogonal of the main structures were 

created by interpreting geological maps and integrating borehole stratigraphic logs. More 

specifically: 

 12 oriented NW-SE and 2 oriented NE-SW geological sections for the model at regional scale in 

Algeria; 

 10 geological sections orthogonal to the wadi Biskra for the model at local scale in Algeria; 

 8 oriented NW-SE and 7 oriented ENE-WSW geological sections for the model in Tunisia. 

The sections were generated with the ArcGIS eXacto 2.0, developed by the Illinois State Geological 

Survey. The tool generates surface profile (using a DEM), the geologic units and their contact 

points on the surface, the location of wells/boreholes, and the geologic materials found at the well 

location, projected as a line into the subsurface. The output was a combination of polyline and 

point shapefiles. One of the advantages of this software is that the output features have a spatial 

reference, meaning that, when set to the desired map scale, the cross section measurements will 

always be correct (Carrel, 2011). In Fig. 5.16, an example of geological cross-section is illustrated. 
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Figure 5.16. Example of balanced geological cross-section (from Buttau et al., 2013 and WADIS-MAR, 2016) 

 

 

Finally, in the third phase, the 3D geological models were performed by using Midland Valley's 3D 

MOVE software (www.mve.com/software/move). The software package was used to verify the 

three dimensional consistency of the geological model. As a first step the geological sections were 

implemented in the model. Balancing section procedures and join points validation were 

performed to provide a control of the interpretation and ensure they were geometrically possible 

and geologically consistent. The 3D hydrogeological model has been built according to the 

conceptual hydrogeological model. Top and down surfaces of each horizon were modelled 

through the interpolation of horizons depth using the Inverse Distance Weight (IDW) method, 

honoring the geological cross-sections and the well data. An example of 3D processing 

environment in 3D MOVE software is shown in Fig. 5.17. 

 
 
 
 
 
 
 
 
 
 
 

http://www.mve.com/software/move


138 
 

 
Figure 5.17. Example of 3D processing environment in 3D MOVE software (from Ghiglieri et al., 2014c and WADIS-
MAR, 2016) 
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5.3. Hydrogeochemical and isotopic characterization and laboratory experiments 

5.3.1. Field surveys at the study areas 

Field surveys finalized to the hydrogeochemical and isotopic characterization of both study areas 

were carried out from 2012 to 2014, within WADIS-MAR project, by Mineralogia Aplicada i 

Geoquímica de Fluids (MAG-UB) research group of the University of Barcelona, in collaboration 

with the Tunisian and Algerian partners (IRA in Tunisia and ANRH in Algeria) and the NRD of the 

University of Sassari. This PhD was inserted in these WADIS-MAR activities in occasion of the last 

surveys conducted in 2014. 

At the watershed of wadi Biskra (Algeria), a total of 57 water samples were collected for chemical 

and multi-isotopic characterization in June 2012, May 2013 and March 2014 from 39 control 

points including 33 wells, 2 thermal springs and 4 surface water points (Fig. 5.18, Table A.1 in 

Appendix). Furthermore, 38 water samples proceeding from 33 additional control points (31 wells, 

1 spring, and 1 stream) were collected in May 2013 (by ANRH) and 1 rainwater sample was 

collected in March 2014, only for the analysis of the stable isotopes of water. In addition, 14 solid 

samples of sulphates and saline soils were collected in order to characterize their isotopic 

composition and mineralization (Table A.2). 

At the Oum Zessar study area (Tunisia), a total of 34 water samples were collected for chemical 

and multi-isotopic characterization in January 2013 and January 2014 from 29 control points 

including 28 wells and 1 surface water point (Fig. 5.19, Table A.3). In addition, solid samples of 

mineral sulphates, lamb manure, NH4NO3 fertilizer, OMO detergent, sodium pyrophosphate were 

collected to characterize their isotopic composition and mineralization in order to determine its 

role as potential pollutants (Table A.4). 

Springs and surface water samples were collected directly whereas for groundwater samples 

installed pump into the wells was used. Physicochemical parameters (pH, temperature, electrical 

conductivity - EC, dissolved oxygen - O2, redox potential – Eh, and total dissolved solids - TDS) were 

measured in situ: directly in the water flow in springs and streams whereas in wells a flow cell to 

avoid contact with the atmosphere was used. 
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Figure 5.18. Location of the water points sampled in the Biskra study area in June 2012, May 2013 and March 2014 for chemical and multi-isotopic characterization (from 
Barbieri et al., 2015a and WADIS-MAR, 2016) 
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Figure 5.19. Location of the water sampling points in the Oum Zessar study area (from WADIS-MAR, 2016
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Water samples were stored in plastic bottles filled completely to avoid oxidation of species in 

contact with atmosphere. Samples were filtered with a Millipore® filter of 0.45 m pore size and 

preserved at 4 °C in darkness prior to further analysis and following the official standard methods 

(APHA-AWWA-WEF, 1998). 

5.3.2. Laboratory experiments 

A set of laboratory experiments were carried out in 2014 and 2015 by MAG-UB at the University of 

Barcelona to support the selection of the most appropriate material to be used as component “b” 

in the Reactive Layer of the Passive Treatment System (see section 6.5.1) designed for the MAR 

systems to be implemented in the Tunisian and Algerian study areas. 

The general characteristics of such material should be: 

 constant supply of DOC to favor different redox conditions during artificial recharge; 

 easily available, in order to ensure that the design can be applied elsewhere; 

 low cost (reuse of sub-product or waste from another process); 

 safe in terms of human health; 

 easy to handle for its installation. 

Laboratory tests as batch and flow-through experiments, were conducted to: 

 evaluate the intrinsic potential and effectiveness to promote NO3- attenuation of two different 

materials: a commercial compost and crushed palm tree leaves; 

 assess the generation of undesirable compounds such as NH4
+, NO2

-, or H2S due to the 

occurrence of other processes than denitrification. 

Triplicate batch experiments (Fig. 5.20) were performed in sterilized 500 mL glass bottles for each 

material studied. To this aim, 3 glass bottles were filled with 20 g of commercial compost and 

other 3 were filled with 11 g of palm leaves. Commercial compost was obtained from a 

composting plant located in Moià (Catalonia, NE Spain) whereas palm leaves were from Biskra 

(Algeria). In all the batches, 400 mL of groundwater from the Llobregat aquifer (Catalonia, NE 

Spain) was added, spiked in this case with NO3
- up to a concentration of 0.8 mM. In addition a 

“sterilized control” (SC) was carried out adding autoclaved material (palm tree leaves) to 

autoclaved groundwater, and an “absence control” (AC) was carried out only with groundwater. 

All the reactors were set up inside a glove box with an argon atmosphere to remove any existing 

dissolved Oxygen. Then, the microcosms were removed from the glove box and wrapped with 
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aluminum foil to prevent photodegradation, placed at room temperature and shaken twice a day. 

Daily, 5 mL of water was collected using sterile syringes for chemical and isotopic analyses of NO3
-. 

The commercial compost experiments lasted 11 days whereas the palm tree experiments lasted 

20 hours. The experiments were carried out in January, March, May and June 2014. 

 

 

 

 

 

 

 

 

 

 

Figure 5.20. Batch experiments carried out at the University of Barcelona (from WADIS-MAR, 2016) 

 

Two flow-through reactor (FTR) experiments (Fig. 5.21) were carried out during nine months 

(October 2014 – June 2015).  

 

 

 

 

 

 
 
 
 
 
 
 
Figure 5.21. Flow-through experiments carried out at the University of Barcelona (from WADIS-MAR, 2016) 
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The FTR consisted of two glass columns (40 cm in length and 9 cm in inner diameter) placed in 

anaerobic glove box. One FTR was filled with 1240 g of vegetable compost (composting plant in 

Moià - Catalonia, NE Spain) and the other with 134 g of crushed palm tree leaves (Biskra, Algeria). 

In both experiments, the studied material was mixed with 1500 g (compost experiment) and 2500 

g (crushed palm tree leaves experiment) of clean silica sand (1–2 mm) (Panreac®) to increase the 

permeability and achieve a homogenous flow inside the reactor. The bottom of the column was 

filled with silica balls (diameter of 2mm) to avoid sediment clogging of the outlet. The experiments 

were conducted at room temperature. The atmosphere inside the glove box was mainly composed 

of argon to exclude the presence of Oxygen. The Oxygen was removed once a day to maintain its 

partial pressure below 0.5%. The inflow and outflow rates in both experiments were controlled by 

a peristaltic pump (Micropump Reglo Digital 4 channels ISMATEC) operating in the downflow 

mode. During the experiment, different flow rates were tested, ranging from 290 mL d-1 to 575 mL 

d-1, providing residence times between 4 and 2 days, respectively. To simulate the behaviour of 

the substrate in the field, where the recharge water is represented by the periodical flood inside 

the wadi and a dry period of no recharge can occur between the different rainy events, a 7 week 

lag period (flow rate into the column = 0) was generated in the experiments. The water used in 

both experiments came from the same aquifer sampled for the batch experiments (Llobregat 

aquifer, Catalonia, NE Spain) which has then been spiked with NO3
- in order to control the input 

nitrate concentration along the experiments. The NO3
- concentration in the input water varied 

from 0.7 up to 3.5 mM. 

5.3.3. Chemical and isotopic analyses 

For the field samples collected at the two study areas, the chemical characterization included 

major ions, minor and some trace elements, ammonium (NH4
+), dissolved organic carbon (DOC) 

and bicarbonates (HCO3
-). The isotopic characterization included the stable isotopes of water 

(2HH2O and 18OH2O), sulfur and oxygen of dissolved sulphate, gypsums and salts (34SSO4 and 


18OSO4), nitrogen and oxygen of dissolved nitrate, lamb manure and a fertilizer (15NNO3 and 


18ONO3), carbon of dissolved inorganic carbon (13CDIC), Boron isotopic composition (11B) and 

Tritium (3H). 

Chemical parameters were determined by standard analytical techniques. Major anions (NO3
-, 

SO4
2-, Cl- and NO2

-) were analyzed by High Performance Liquid Chromatography (HPLC) using a 

WATERS 515 HPLC pump, IC-PAC anions columns and a WATERS 432 detector. NH4
+ was analyzed 
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by spectrophotometry (ALPKEM, FlowSolution IV), HCO3
- was measured by titration and Fluor by 

Ion Selective Electrode (Thermo Scientific). 

For major and minor cations and trace elements, samples were filtered through a 0.2 m 

Millipore® filter and acidified with 1% HNO3
- ultrapure quality. The concentration of Ca, Na, K, Mg, 

S, total Fe, P, Si, Sr and B were determined by inductively coupled plasma-optical emission 

spectrometry (ICP-OES Perkin-Elmer Optima 3200 RL), while the concentrations of Al, As, Ba, Cd, 

Co, Cr, Cu, Hg, Li, Mn, Ni, Pb, Se, U, V and Zn by inductively coupled plasma-mass spectrometry 

(ICP-MS Perkim-Elmer, model Elan-6000). Finally, the DOC was determined by the combustion 

method (TOC 500 SHIMADZU). The chemical analyses were performed in the Centres Científics i 

Tecnològics of the Universitat de Barcelona (CCiT-UB). 

Isotopic analyses were determined by different techniques. The 2HH2O and 18OH2O were analyzed 

in the University of Malaga with a Wavelength Scanned Cavity Ringdown Spectroscopy (WS-CRDS) 

for isotopic water measurements with a L2120-i Picarro® equipment. Six replicates for each 

sample were done, although the last three ones were selected for statistical treatment. For the 

most saline samples (EC > 12000 S/cm), the 2HH2O and 18OH2O were analyzed in the University of 

Barcelona with a Finnigan Matt Delta S Isotope Ratio Mass Spectrometer (IRMS) coupled to an 

automated line base on the equilibration between H-water and H2 gas with a Pt catalyst, and 

between O-water and CO2 gas following standard methods (Epstein and Mayeda, 1953). For the 

determination of 34SSO4 and 18OSO4, samples were acidified with HCl and boiling at 100 °C in 

order to prevent BaCO3 formation, following a barium chloride solution was added in excess for 

precipitating an expected amount of around 50 mg of BaSO4. In the case of the solids, samples 

were grinded and then dissolved in water to be thereafter precipitated as BaSO4. The solution 

rested 1-3 days to settle the precipitate that was filtered through a 3µm paper filter, dried at room 

temperature (7-10 days) and inserted into a Schott glass vial. The 34SSO4 was analyzed in a Carlo 

Erba Elemental Analyzer (EA) coupled in continuous flow to a Finnigan Delta C IRMS. 18OSO4 was 

analyzed in duplicate with a Thermo-Quest TC/EA unit (high temperature conversion elemental 

analyzer) with a Finnigan Matt Delta C IRMS. The 13CDIC were determined using a gas-bench 

system on CO2 evolved from the water by acidification with 103% H3PO4 (Torres et al., 2005) 

employing the Multiflow device. To determine 15NNO3 and 18ONO3, the bacterial denitrifier 

method described by Casciotti et al. (2002) and Sigman et al. (2001) was applied for the field 

survey of 2013 at the Facility for Isotope Ratio Mass Spectrometry (FIRMS) at UC Riverside, 
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whereas the cadmium reduction method described by McIlvin and Altabet (2005) and Ryabenko et 

al. (2009) was used for the field survey performed in 2014. Simultaneous 15N and 18O analysis of 

the N2O produced was carried out using a Thermo GasBench II (Thermo Fisher Scientific) coupled 

with a Delta V isotope ratio mass spectrometer (Thermo Fisher Scientific) and by a Pre-Con system 

(Thermo Scientific) coupled to an IRMS Finnigan MAT-253 (Thermo Scientific), respectively. The 


11B were analyzed in the infrastructure labGEOTOP - Laboratory of Elemental and Isotopic 

Geochemistry for Petrological Applications of ICTJA-CSIC by using a HR-ICP-MS (High resolution 

Inductively Coupled plasma) Element XR (Thermo Scientific). Radioactive isotope of 3H (Tritium) in 

groundwater were determined by Liquid Scintillation Counting in the 14C and Tritium Dating 

Service of the Universidad Autónoma de Barcelona (UAB). 

Regarding the laboratory experiments, a number of water samples were collected for chemical 

and isotopic analysis from the batches and, along the 9 months of their duration, from the output 

point of the FTR experiments. Namely, 28 samples were collected from the batch experiments 

filled with commercial compost, 166 samples from the batch filled with palm leaves, 57 samples 

from the column filled with palm tree leaves and 73 from the column filled with compost leaves. 

The Eh, pH and temperature were measured every day at the outlet of the column using calibrated 

portable electrodes (WTW pH-3310). The electrical conductivity was measured for all the samples 

using a WTW Cond-3310. The chemical characterization includes major ions, minor and some trace 

elements, ammonium (NH4
+), dissolved organic carbon (DOC) and bicarbonates (HCO3

-) except for 

the batch experiments, for which, due to the lower volume extracted, analyses were restricted to 

the major anions. Chemical parameters were determined by standard analytical techniques as 

commented before for the field samples chemical analyses. 

Isotopic analyses were performed on a subset of samples considered as representative. The 

isotopic characterization includes the stable isotopes of sulfur and oxygen of dissolved sulphate, 

nitrogen and oxygen of dissolved nitrate (15NNO3 and 18ONO3), nitrogen of dissolve ammonium 

(15NNH4) and carbon of dissolved inorganic carbon (δ
13CDIC). Isotopic analyses were determined by 

different techniques. For the determination of δ34SSO4, δ
18OSO4 and δ13CDIC, the same methods and 

instrumentation described before for the field samples have been used. To determine 15NNO3 and 


18ONO3, the cadmium reduction method described by McIlvin and Altabet (2005) and Ryabenko et 

al. (2009) was used. Simultaneous δ15N and δ18O analysis of the N2O produced was carried out 

using a Thermo GasBench II (Thermo Fisher Scientific) coupled with a Delta V isotope ratio mass 
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spectrometer (Thermo Fisher Scientific) and by a Pre-Con system (Thermo Scientific) coupled to an 

IRMS Finnigan MAT-253 (Thermo Scientific), respectively. The δ15NNH4 was determined by diffusion 

method described by Sebilo et al., 2004 and Holmes et al., 1998 in a Carlo Erba Elemental Analyzer 

(EA) coupled in continuous flow to a Finnigan Delta C IRMS. 

Where not otherwise specified, the preparation of samples for isotopic analyses was performed at 

the laboratory of the Mineralogia Aplicada i Geoquímica de Fluids (MAG-UB) research group and 

the analysis were carried out at the Centres Científics i Tecnològics of the Universitat de Barcelona 

(CCiT-UB). 
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6. RESULTS AND DISCUSSION 

6.1. Water budget 

6.1.1. Runoff coefficient Ck 

In the three watersheds (Koutine, Megarine-Arniane and Hajar) of the study area in SE Tunisia, the 

most representative classes are Ck < 0.2 (from 51.6% to 57.6%), 0.2 < Ck < 0.3 (from 12.5% to 

16.4%), and 0.3 < Ck < 0.4 (from 17.8% to 27.1%) (Fig. 6.1). 

 
Figure 6.1. Distribution of runoff coefficient classes for the three watersheds 

 

The first class is mainly concentrated in the Jeffara plain but it also occurs in the Dahar, in 

correspondence of cultivated/shrubby areas, mainly associated to jessour, where the slope is quite 
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low (< 10%). The second class is primarily located in some parts of the plain corresponding to 

grazing areas whereas on the Dahar it matches cultivated/shrubby areas characterized by slope 

between 10% and 35%. The third class is distributed across the entire area of the watersheds: in 

the plain is mainly concentrated in correspondence of areas characterized by no vegetation; on 

the Dahar, it, generally, covers the grazing areas characterized by slope between 10% and 35%. 

Only in the Koutine watershed, this class also matches outcrops of highly permeable rocks on the 

Dahar. The runoff coefficient class corresponding to 0.4 < Ck < 0.5 covers 10.9% of the area in the 

Koutine watershed whereas 5.2% and 3.5% of the area in the Megarine-Arniane and Hajar 

watersheds, respectively. In these two watersheds, it is concentrated mainly in the mountainous 

areas of the Dahar where the slope is steep (> 35%). It is also locally concentrated in some 

portions of the plain corresponding to grazing and no vegetation areas with slope from 10% to 

35%. Instead, in the part of the Dahar of the Koutine watershed, this class covers grazing areas 

characterized by slope less steep (between 10% and 35%) but also by outcropping rocks with a 

medium permeability. The class corresponding to 0.5 < Ck < 0.6 is represented, practically, only in 

the Koutine watershed (in the Megarine-Arniane watershed, it represent only 0.01%). It covers 

4.4% of the surface and it is concentrated in the areas of steep slopes of the Dahar.  

A statistical analysis of the results was performed to assess the influence of the individual factors 

(Ca, Cv and Cp) on the classification of the runoff coefficient (Figs. 6.2, 6.3, 6.4). Fig. 6.2 shows a 

graphical representation of the distribution of the slope classes for each class of Ck. For all three 

watersheds, only slopes of less than 10% have influence on the class with the lowest Ck values (Ck 

< 0.2): about 40% the slopes < 3.5% and about 60% the slopes between 3.5% and 10%, 

respectively. These slopes classes account for approximately 50% of the values of Ck between 0.2 

and 0.3 for the Koutine watershed; for the other two watersheds, they reach almost 70%. For this 

class of Ck, the remaining 50% and 30%, respectively, are represented by slopes between 10% and 

35%. Their influence increases up to over 70% on the Ck values between 0.3 and 0.4 for the 

Koutine watershed, whereas it reaches almost 45% for the other watersheds. In the Koutine 

watershed, slopes greater than 35% make up about 50% of the Ck values between 0.4 and 0.5 

whereas they account for approximately 80% of these Ck values in the Hajar and Megarine-Arniane 

watersheds. Only in the Koutine and Megarine-Arniane watersheds, slopes > 35% influence for 

100% the Ck values between 0.5 and 0.6. Fig. 6.3 shows that the cultivated/shrubby land-cover 

class has a decreasing influence with increasing values of Ck: it accounts for 100% on the Ck values 

less than 0.2 and decreases to less than 4% on the Ck values between 0.4 and 0.5, in the case of  
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Figure 6.2. Distribution of Ca versus Ck for the three watersheds 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.3. Distribution of Cv versus Ck for the three watersheds 
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the Koutine watershed. The grazing land class is most common for Ck values greater than 0.3, but 

it accounts for 70% for Ck values between 0.2 and 0.3 in the Hajar and Megarine-Arniane 

watersheds. It represents 90% of Ck values between 0.4 and 0.5 whereas it reaches 100% of values 

between 0.5 and 0.6 in the Koutine watershed. The no vegetation class has influence mainly in the 

Hajar and Megarine-Arniane watersheds on Ck values between 0.3 and 0.4 and between 0.4 and 

0.5: it makes up about 30% and 10%, respectively. This class accounts for 100% only in the 

Megarine-Arniane watershed for Ck values between 0.5 and 0.6, although this Ck class represents 

only 0.01% in the Ck spatial distribution. The influence of permeability on Ck is shown in Fig. 6.4. 

The percentage of the good permeability class oscillates between 35% and 85% for Ck values up to 

0.5 and, only in the case of the Megarine-Arniane watershed, it reaches 100% on Ck values 

between 0.5 and 0.6. The class of medium permeability ranges from 15% to 55% for Ck values 

lower than 0.5. In the Koutine watershed, the medium permeability represents 100% on Ck values 

between 0.5 and 0.6. The high permeability class, which is present only on the Dahar in the 

Koutine watershed, generally has a low influence that reaches 12% for Ck values between 0.3 and 

0.5. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.4. Distribution of Cp versus Ck for the three watersheds 
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6.1.2. Runoff and effective infiltration 

The estimation of the water budget on a daily basis, over the 10-year period (2003-2012), allowed 

to individuate the rainfall events that generated a water surplus leading to runoff and recharging 

the aquifers, for each sub-basin of each watershed. Table A.5 in Appendix shows the results of a 

statistical analysis related to the estimation of runoff and effective infiltration for each sub-basin 

of the Koutine watershed. These outputs, which were calculated on the basis of the rainfall events 

generating a water surplus, include: the average runoff (RO) (mm), the average effective 

infiltration (Ie) (mm), the average precipitation (mm), the total number of such rainfall events, the 

average number of days for each event and the number of events of 1 day. Furthermore, the 

average Available Water Content (AWC) of the soils related to each sub-basin were classified into 

4 classes (mm): AWC < 50; 50 < AWC < 100; 100 < AWC < 150 and AWC > 150. The sub-basins, that 

are characterized by average AWC values greater than 150 mm, are located in the plain, close to 

the outline of the watershed (S1 and S2) and in the northern part (S6, S7, S9 and S10) (Fig. 6.5). 

They are covered mainly by the “artificial” soils of tabias and jessour, that together exceed 50% of 

the total surface. As they are deep soils (1 or 2 m), characterized by high AWC values (122 and 301 

mm, respectively), only very intense rainfall events can saturate them and generate a water 

surplus, especially after dry periods. For this reason, these sub-basins didn’t contribute to RO and 

Ie during the reference period. The sub-basins with average AWC values between 100 and 150 mm 

are distributed across the whole watershed (Fig. 6.5). The average RO varies from 0.55 to 5.50 

mm; the latter value corresponds to the sub-basin (S21) that is characterized by the highest value 

of Ck (0.34). The average Ie ranges from 1.86 to 17.30 mm. Within this category, for those sub-

basins that have an average AWC included between 100 and 120 mm, the rainfall events that 

produced a water surplus vary between 90 and 100 mm, with an average duration of about 3-4 

days; however, only 3 events occurred in 10 years, of which only one event of 1 day. For the other 

sub-basins included in this AWC class, the average rainfall reaches up to 138 mm, with an average 

duration of 6 days and only 1 event occurred in the reference period. The two sub-basins (S18 and 

S19), that have an average AWC between 50 and 100 mm, are mainly concentrated on the Dahar. 

In this case, the average rainfall that generated RO and Ie decreases to 66-68 mm and the events of 

1 day raises to 4-5. The sub-basins that mainly contributed to RO and Ie in the watershed are those 

characterized by average AWC values less than 50 mm (S5, S8, S11, S13 and S14). They are 

concentrated in the central-eastern part of the watershed (Fig. 6.5) and are covered by shallow 

soils (depth between 0.20 and 0.40 m) for over 90% of their total area.
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Figure 6.5. Estimation of average runoff and average effective infiltration, calculated on the basis of the rainfall events 
generating a water surplus (2003-2010), for each sub-basin of the Koutine watershed 

 

The average RO ranges from 2.32 to 5.79 mm whereas the average Ie varies between 16.00 and 

18.58 mm. The total number of rainy events that produced water surplus is included between 24 

and 42, with an average rainfall between 32.96 and 46.68 mm and an average duration of about 2 

days. The rainfall events of 1 day increase up to 18. 

The same statistical analysis were conducted for the Megarine-Arniane and Hajar watersheds 

(Tables A.6, A.7). 
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In the Megarine-Arniane watershed, the sub-basins with AWC values greater than 150 mm are 

located in the central-eastern part of the plain (Fig. 6.6). 

 
Figure 6.6. Estimation of average runoff and average effective infiltration, calculated on the basis of the rainfall events 
generating a water surplus (2003-2010), for each sub-basin of the Megarine-Arniane watershed 

 

In this case, these high AWC values are due to the presence of deep soils of tabias and fluvisols 

(PEAH) (depth of 1 m and 2 m, respectively) which cover over 90% of the area of such sub-basins. 

As described above, since these soils can hardly be saturated in such arid environments, these 

sub-basins didn’t contribute to RO and Ie during the period 2003-2012. The sub-basins with 

average AWC values between 100 and 150 mm are distributed across the entire area (Fig. 6.6). 

The average RO ranges from 0.13 to 4.87 mm; the average Ie varies between 0.45 and 17.70 mm. 

In general, as AWC values increase, the average rainfall that produced water surplus raises and the 
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number of events decreases: for AWC values over 120 mm, the average rainfall exceeds 110 mm 

and only 1 event occurred. The sub-basins, that have an average AWC between 50 and 100 mm, 

are mainly distributed across the plain (Fig. 6.6). For them, the average RO varies from 2.36 to 4.79 

mm whereas the average Ie ranges between 9.99 and 15.40 mm. In this case, the average rainfall 

decreases to about 70 mm and the total number of events increases up to 15. In this watershed, 

only a sub-basin (S4) has an average AWC less than 50 mm. The average RO is 4.79 mm and the 

average Ie is 10.34 mm. The average rainfall is 31.26 mm and the total number of rainy events that 

generated water surplus is 45 with an average duration of about 2 days, whereas the rainfall 

events of 1 day are 19.  

In the Hajar watershed, there is only a sub-basin (S3) with an AWC greater than 150 mm (Fig. 6.7). 

It reports the same results described above for similar sub-basins of the other watersheds (Table 

A.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Estimation of average runoff and average effective infiltration, calculated on the basis of the rainfall events 
generating a water surplus (2003-2010), for each sub-basin of the Hajar watershed 



156 
 

Considering that none sub-basin characterized by AWC values less than 50 mm is present, the sub-

basins that mainly contributed to RO and Ie are S1 (AWC = 70.32 mm) and S2 (AWC = 106.81 mm). 

Among these, S1 contributed with an average RO of 5.98 mm and an average Ie of 14.64 mm; the 

rainfall events are 13 of which 7 are events of 1 day. 

The annual RO (mm) and the annual Ie (mm) were estimated over the 10-year period (2003-2012) 

for each sub-basin of the three watersheds. Furthermore, the average RO and Ie for each year for 

each watershed were calculated as weighted average of the values of each sub-basin considering 

as weights the areas of each sub-basin. In Table A.8, the average annual RO (mm) values for the 

Koutine watershed are reported. As seen before, the sub-basins with AWC < 50 mm are those that 

gave the highest contributions in terms of average annual RO with values that range from 9.47 to 

15.06 mm. For these sub-basins, the annual RO values related to 2003, which was a particularly 

rainy year (610 mm), are the highest: they vary between 40.80 and 72.08 mm. The chart in Fig. 6.8 

shows the trend of average annual RO related to the whole watershed, with values that range 

from 17.82 mm (2003) to 0.01 mm (2006). In Table A.9, the average annual Ie for each sub-basin 

and for the Koutine watershed are reported. The sub-basins, that were highlighted above, show 

the greatest values, ranging from 43.06 to 61.44 mm. For them, except S8, in 2003, the annual Ie 

values exceeded 200 mm. Fig. 6.9 shows the annual Ie values for the watershed, for which an 

average annual Ie  of 13.04 mm was estimated. 

The average annual RO (mm) values for the Megarine-Arniane watershed are reported in Table 

A.10. The sub-basin S4 stands out from the others for its average annual RO that is 21.54 mm, 

whereas the highest value for the other sub-basins is 6.23 mm. Indeed, S4 is the unique sub-basin 

with an AWC < 50 mm and it provided the best contribution to RO and Ie in the watershed. Fig. 

6.10 shows the trend of average annual RO related to the entire watershed, with values that, 

except in 2003 (7.75 mm) and 2011 (2.19 mm), not exceeded 2 mm. In Table A.11, the average 

annual Ie for each sub-basin and for the Megarine-Arniane watershed are reported. The average 

annual Ie for S4 is double (46.53 mm) of the maximum value (23.09 mm) reached by the other sub-

basins. In 2003, the annual value for this sub-basin exceeded 200 mm. The average annual Ie over 

10-year period for the watershed is 4.05 mm. In Fig. 6.11 is shown the annual trend where the 

highest Ie value is that related to 2003 (24.35 mm). 
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Figure 6.8. Trend of average annual runoff (2003-2010) related to the Koutine watershed (histogram: annual runoff 
(mm); black line: annual rainfall (mm)) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Trend of average annual effective infiltration (2003-2010) related to the Koutine watershed (histogram: 
annual effective infiltration (mm); black line: annual rainfall (mm)) 

 



158 
 

 

 

 

 

 

 

 

 

 
 
Figure 6.10. Trend of average annual runoff (2003-2010) related to the Megarine-Arniane watershed (histogram: 
annual runoff (mm); black line: annual rainfall (mm)) 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.11. Trend of average annual effective infiltration (2003-2010) related to the Megarine-Arniane watershed 
(histogram: annual effective infiltration (mm); black line: annual rainfall (mm)) 

 

In the Hajar watershed, the sub-basins that provided the main contribution to RO and Ie are S1 and 

S2 (Tables A.12, A.13). Their annual average RO are 10.74 mm and 1.02 mm, respectively, whereas 

the annual average Ie values are 19.03 and 4.12 mm. The average annual RO and Ie values for the 

Hajar watershed are 2.19 and 4.71 mm, respectively. Figs. 6.12, 6.13 show their trend over the 

period 2003-2012. 
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Figure 6.12. Trend of average annual runoff (2003-2010) related to the Hajar watershed (histogram: annual runoff 
(mm); black line: annual rainfall (mm)) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13. Trend of average annual effective infiltration (2003-2010) related to the Hajar watershed (histogram: 
annual effective infiltration (mm); black line: annual rainfall (mm)) 
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6.1.3. Average yearly natural recharge (m3 year-1) of the aquifers 

The volumes of average yearly natural groundwater recharge for the Triassic, Jurassic and 

Cretaceous aquifers were estimated over the 10-year reference period (2003-2012). These water 

volumes represent the yearly renewable water resources as a result of the rainwater infiltration 

process. They were calculated multiplying the Ie of each sub-basin for the area covered by each 

aquifer in each sub-basin. For this purpose, the spatial distribution of each aquifer within the three 

watersheds were defined (Fig. 6.14) by using the implemented geological vectorial map 

(1:100,000) and the results obtained through the 3D hydrogeological model reconstruction (see 

section 6.2.3). In case of overlapping of different aquifers, the most important one, from the 

hydrogeological point of view, was considered. 

 
Figure 6.14. Spatial distribution of the Triassic, Jurassic and Cretaceous aquifers within the three watersheds 
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In Table A.14, the annual volumes (m3 year-1) of natural groundwater recharge for the Triassic 

aquifer, related to the sub-basins of the Koutine watershed, are reported. The annual volumes for 

the whole watershed were obtained as sum of the volumes from each sub-basin. As the Triassic 

aquifer has the greatest extension within the watershed, covering all the plain, and almost all sub-

basins contributed to its recharge, the estimated annual volumes are much higher than those of 

the other aquifers (Tables A.15, A.16). This also occurred because the 5 sub-basins (S5, S8, S11, 

S13 and S14), characterized by an AWC < 50 mm and with the highest values of Ie in the 

watershed, contributed only to the groundwater recharge of this aquifer. Among these values, the 

annual volume related to 2003 stands out from the others (about 15 hm3). This is due to the fact 

that 2003 was the rainiest year of the decade. 

The volumes of the annual groundwater recharge for the three aquifers for the sub-basins of the 

Megarine-Arniane watershed are reported in Tables A.17, A.18, A.19. Although the areal extension 

of the Triassic aquifer in this watershed is comparable with that of the Koutine watershed, the 

average annual groundwater recharge for this aquifer is about 1/3 (0.9 hm3 year-1). This is due to 

the fact that, unlike the Koutine watershed, in that of Megarine-Arniane there is only one sub-

basin (S4) with an AWC < 50 mm, besides not very large, that is characterized by high values of 

annual Ie. 

Finally, Tables A.20, A.21, A.22 show the annual groundwater recharge for the Hajar watershed 

which provided, with its 5 sub-basins, an average recharge volume for the Triassic aquifer of about 

0.3 hm3 year-1. The contribution to the annual recharge of the other aquifers is negligible, 

especially for the Cretaceous aquifer. 

In conclusion, the total estimation of the average annual groundwater recharge for the Triassic 

aquifer amounts to about 4.5 hm3 year-1. This value can be considered consistent with the unique 

reference values for this aquifer in the study area reported by Ouessar (2007) and Yahyaoui 

(2007), that amount to about 4.7 hm3 year-1.(150 L s-1) and to 4.9 hm3 year-1.(155 L s-1), 

respectively.  
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6.2. 3D hydrogeological models 

In the following sections, a summary of the main results related to the three-dimensional 

hydrogeological models reconstruction for both study areas is reported. A more detailed 

description of these results will be presented, in collaboration with NRD-UNISS, DSCG-UNICA and 

MAG-UB, in some articles that will be published in international scientific journals in the near 

future. 

6.2.1. 3D hydrogeological model within the wadi Biskra watershed (Algeria) 

The reconstruction of the structural setting of the study area in Algeria shows that it is 

characterized by a complex interference between several folds system, displaced by numerous 

strike-slip and thrust faults, which condition the groundwater flow (Fig. 6.15). 

The oldest structures consist of numerous folds NE-trending that involved the Triassic and Eocene 

formations: El Kantara syncline (SEK), Mechtat ez Zmale anticline (AMZ), El Outaya syncline (SEO), 

Amentane anticline (AA), Branis syncline (SB), Biskra anticline (AB) (Fig. 6.16). At the cartographic 

scale these folds can be considered almost cylindrical, with axes dipping towards SW and NE; this 

feature gives to the folds a typical "whale back" geometry. A second event, dating to the 

Villafranchian phase, developed folds with axes NW-trending that deformed the NE-trending folds. 

They are discontinuous along axis trend because of the interference with the older NE-trending 

folds. In the study area numerous normal and reverse faults of variable orientation were mapped. 

The reverse faults are the most important for along-strike continuity (Guiraud et al., 2001). They 

are localized in the flanks of the antiforms NE-trending, affecting the Mesozoic formations, and, in 

some cases, they are buried by deposits of Eocene, Miocene and Quaternary. The above-

mentioned folds and reverse faults are dislocated by right lateral strike-slip faults NNE-striking 

which interrupt the axial continuity of the NE-trending folds. Although these faults are often 

buried by recent Quaternary sediments, they are recognizable by the deformations induced in the 

structures. Among these faults, the most important is the Biskra Fault (FB) that crosses the area of 

Biskra. It is a vertical strike slip (dextral) fault that deforms the great Biskra antiform, the 

Amentane antiform (AA) and Mechtal ez Zmala antiform (AMZ) (Fig. 6.16). Its displacement is 

about 700 m. 

The deformation history of the Mesozoic and Eocene rocks exerted a strong control on the 

characteristics and the geometry of the aquifers. Locally synformal geometries, due to Upper  
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Figure 6.15. Hydrogeological map of the wadi Biskra watershed (modified from ANRH, 2008). 

 

Cretaceous deformation involving marl strata, allowed the formation of perched aquifers. 

Moreover, the shortening, accommodated by folds, caused the thickening of the cover and, 

consequently, of the aquifers. The groundwater flow direction in the Mesozoic carbonate aquifers, 

that is generally towards SW, is strictly controlled by the prevalent NE-trending synforms and 

antiforms. The antiforms give rise to structural highs that play a very important role in recharging 

or dispersing surface water flows. Indeed, the structural highs in the North of the study area 
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represent recharge areas for the Cretaceous and Eocene aquifers and the crests of the major 

antiforms often constitute the groundwater watersheds. On the other hand, the synforms act as 

storage areas for groundwater. The most prominent synforms, such as the ones of El Kantara 

(SEK), Outaya (SEO) and Branis (SB), can store enormous reserves of groundwater. Furthermore, 

antiforms force groundwater to flow towards the synformal axis influencing the groundwater 

circulation. The Mesozoic and Eocene aquifers have a geometry tied to the NE-trending folds 

system and a regional dipping that allow groundwater flow direction toward SSW (Fig. 6.16), so 

they are supplied by groundwater from Aures Mountains area. The superimposition of the two 

different fold systems with different trends (oriented NE-SW and NW-SE) can lead to very complex 

structures. This type of interference is known as dome and basins and it produces zones of 

accumulation that heavily impact on the groundwater contributions.  

 
Figure 6.16. 3D hydrogeological conceptual model of the wadi Biskra watershed (from WADIS-MAR, 2016) 

 

The presence of faults complicate the model of groundwater flow. These faults put in contact 

impermeable and permeable formations and became the preferred path of deep water. The 

strike-slip Fault of Biskra put in contact Upper Cretaceous and Lower Eocene aquifers with 

Miocene and Quaternary aquifers (Fig. 6.16) Because of this hydraulic communication, shallow 
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aquifers, such as the inféro-flux aquifer in the wadi Biskra, are fed by groundwater from deep 

aquifers. This also allows hydrothermal water (40 °C) to rise up from deep aquifers. 

6.2.2. 3D hydrogeological model of the inféro-flux aquifer in the wadi Biskra (Algeria) 

The three-dimensional model of the inféro-flux aquifer in a portion of the wadi Biskra allowed to 

reconstruct the erosional surface between the Quaternary deposits, constituted by old and 

present alluvium of the Holocene and the Neogene formations that can be considered as the 

impermeable rocky basement of this alluvial aquifer (Fig. 6.17). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.17. Perspective view of both the a) DEM and the b) 3D surface representing the contact between the 
Quaternary alluvium and the Neogene basement in the wadi Biskra (from WADIS-MAR, 2016) 

 

As it can be seen in Fig. 6.18, the surface shows an asymmetric shape with a maximum depth of 

about 50 m close to the left side of the riverbed, whereas towards the right side the surface gently 

rises. The erosional surface and the DEM represent respectively the lower and the upper surfaces 

required for the assessment of the volume of the alluvial deposits within the wadi. Through the 3D 

model it was possible to calculate this volume as reported in Table 6.1. The estimated total 

volume of the Quaternary alluvium is 83,337.302 m3. 
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Figure 6.18. Geological sketch map of the wadi Biskra and contour lines of the bottom surface of the Quaternary 
alluvium (from WADIS-MAR, 2016) 

 

Furthermore, an estimation of the storable and exploitable water volume was obtained. For this 

purpose, an assessment of the total and effective porosity of the alluvial deposits was necessary. 

Because of the great difficulty to carry out direct investigations in situ, such parameters were 

inferred by a lithological analysis of the well stratigraphic logs. This analysis showed that the larger 

amount of these alluvial deposits (69%) is constituted by the coarse terms of the granulometric 

scale. In literature (Todd and Mays, 2005), for these granulometric classes, a total and effective 

porosity ranging from 28% to 43% and from 23% to 28%, respectively, are reported. By using a 

weighted mean, a reasonable value of 35% for the total porosity and of 25% for the effective 

porosity were considered. Finally, a potential storable water volume of 30,918,055 m3 was 
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estimated, whereas the groundwater volume potentially exploitable from the inféro-flux aquifer 

amounts to 22,084,325 m3. 

 

Alluvium volume (m
3
) 

83,337,302 

Total porosity 
35 % 

Storable water volume (m
3
) 

30,918,055 

Effective porosity 
25 % 

Exploitable water volume (m
3
) 

22,084,325 

 
Table 6.1. Estimation of the storable and exploitable groundwater water volume in the inféro-flux aquifer of the wadi 
Biskra (from WADIS-MAR, 2016) 

 

 

6.2.3. 3D hydrogeological model of the Oum Zessar area (SE Tunisia) 

The three-dimensional hydrogeological model reconstruction of the Oum Zessar area in SE Tunisia 

has highlighted that, also in this study area, important tectonic structures at regional scale, as the 

anticline in correspondence of the Dahar and several faults, exerted a strong control on the 

geometry of the aquifers conditioning the groundwater flow direction (Fig. 6.19). 

The NW-trending antiform, formed due to Upper Cretaceous deformation involving the Mesozoic 

formations, forces groundwater of the Triassic, Jurassic and Cretaceous aquifers to flow to two 

different directions: towards E-NE and towards W-SW. The structural high of the Dahar, at west of 

the study area, represents the recharge area for the Mesozoic aquifers whereas the crest of the 

antiform constitutes a groundwater divide (Fig. 6.20). 

The faults generated during the extension phases caused the compartmentalization of the 

Mesozoic and Miocene formations. Their presence complicates the groundwater flow model as 

they also play a very important role in recharging aquifers. Indeed, these faults connect the 

impermeable and permeable formations becoming preferential flow directions for groundwater. 

The mapped NW–SE major and NE–SW minor faults allowed to compartmentalize the study area 

and to build a system of uplifted and down-shifted structures within a generally down-tilted 

domain. The Médenine Fault of NW-SE trend, which is the main normal fault outcropping in this 

area, together with other sub-parallel faults, contributed to the gradual lowering of the Jeffara 

plain towards the Golf of Gabes, leading, consequently, the displacement of the Triassic aquifer. 

Therefore, as shown in Fig. 6.20, the Médenine fault put in hydraulic communication, laterally, the 

Triassic aquifer with the Jurassic, Miocene and Quaternary aquifers. In the part of the Jeffara plain, 

at west of the Medenine fault, the Triassic formations underlie the Quaternary and Mio-Pliocene 
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formations whereas they outcrop along the wadis because of the erosional processes affecting the 

Cenozoic deposits. 

 

Figure 6.19. Hydrogeological map of the Oum Zessar study area (from WADIS-MAR, 2016) 

 

 
 

 
Figure 6.20. 3D Hydrogeological conceptual model of Dahar-Jeffara (Oum Zessar study area) (from WADIS-MAR, 2016) 
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6.3. Hydrogeochemical and isotopic characterization 

A summary of the main results of the hydrogeochemical and isotopic characterization for both 

study areas is reported. An exhaustive description of the achieved results will be presented, in 

collaboration with NRD-UNISS, DSCG-UNICA and MAG-UB, in some articles that will be published 

in international scientific journals in the near future. 

6.3.1. Wadi Biskra watershed (Algeria) 

Chemical and isotopic results of the surveys carried out in the wadi Biskra watershed in June 2012, 

May 2013 and March 2014 are shown and discussed in the following sections. 

6.3.1.1. Chemical data 

Overall, the pH is almost neutral in all surface and groundwater sampled, ranging from 6.8 to 8.0. 

Temperatures within the Tertiary and Late Cretaceous aquifers are generally somehow higher 

than expected if compared to the average environmental temperature in the study area (22 °C) 

and the geothermic gradient (increasing of soil temperature of about 3 °C for each 100 m depth), 

ranging overall from 21.0 to 28.5 °C, and reaching 30.0-31.5 °C in correspondence of some 

Quaternary wells and in the Turonian well WA-25. In the case of the Continental Intercalaire (C.I.) 

aquifer (Early Cretaceous), temperature ranges from 41 to 60 °C indicating their geothermal 

character. 

Oxidizing conditions prevail among all aquifers as indicated by the Redox Potential (Eh) 

measurements, with values ranging from +250 to +460 mV and a maximum of approximately +900 

mV in wells WA-11 and WA-12 from the Quaternary aquifer. The only exceptions are the thermal 

waters at wells WA-18 and WA-19 from the C.I. aquifer (Eh from -81 to +22 mV) and the Turonian 

aquifer in correspondence of well WA-29 (Eh around -60 mV), where reducing conditions occur. 

According to Electrical Conductivity (EC) measurements, only the Maastrichtian groundwaters 

from the northern and mountainous part of the study area present a low level of mineralization, 

being usually characterized by EC below 1000 µS cm-1. When the mineralization of the 

Maastrichtian aquifer is greater, the wells are located in the plain south of Biskra city, where the 

Maastrichtian is covered by Tertiary formations. All other aquifers, with few exceptions in 

correspondence of the Turonian wells WA-09 and WA-31 (EC of 1000 and 1200 µS cm-1, 

respectively) present higher EC, ranging from 2000 to 7500 µS cm-1 and reaching a maximum of 
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14400 µS cm-1 in the case of well WA-18 from the C.I. aquifer. Several of these wells, exploiting 

especially the Quaternary and Mio-Pliocene aquifers, are used for drinking and agricultural 

purposes. Surface waters present EC between 1900 and 3000 µS cm-1. The high mineralization of 

the waters is related to their high chloride, sulphate and sodium concentrations (between 35 and 

4066 mg L-1, 45 and 1622 mg L-1, 22 and 2851 mg L-1, respectively), showing EC a higher correlation 

with Cl or Na than with other ions. 

In order to highlight different mechanisms contributing to groundwater mineralization, the 

relationships between major ions have been evaluated. A positive trend between Na and Cl 

concentrations (Fig. 6.21a), where the Na/Cl equivalent ratio is approximately 1 for most samples, 

suggests that the chemistry of water is controlled by halite dissolution. In a Ca versus SO4
2- plot 

(Fig. 6.21b), most of the samples fall below the stoichiometric equilibrium line representing 

gypsum dissolution. This suggests that these elements are not proceeding from a simple 

dissolution of gypsum and/or anhydrite, but that an additional origin of sulphate exists. 

 
Figure 6.21. Relation between Na and Cl (a) and between Ca and SO4 (b) for the freshwater (square symbols) and 
groundwater (diamond symbols) samples collected at the Biskra study area (from WADIS-MAR, 2016) 

 

The plot of the hydrochemical results on the Piper diagram (Fig. 6.22) allows to differentiate 3 

main types of waters: 

1. HCO3-HCO3/SO4 of Ca-Ca/Mg type: low mineralized waters of the Maastrichtian and the 

Turonian (WA-09, WA-31) aquifers in the northern and mountainous part of the study area, 

flowing in limestone formations. 

a b 
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2. Ca/Na-SO4 type: surface waters collected from local wadis and from the dam “Fontaine des 

gazelles”, and representing a potential source of recharge for the aquifers of the area. Few Mio-

Pliocene samples from El Outaya plain (WA-2, WA-13 and WA-24), WA-19 from the C.I. aquifer 

as well as WA-08 and WA-26 (south of Biskra town) from the Maastrichtian aquifer also present 

a Ca/Na-SO4 character. 

 

 

 

 

 

 

 
Figure. 6.22. Piper diagram for surface and groundwater samples collected at the Biskra study area (field campaigns of 
June 2012, May 2013 and March 2014) (from WADIS-MAR, 2016) 
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3. Na-Cl character with some tendency to Cl/SO4 and Na/Ca type: groundwaters from the C.I. 

(WA-16, WA-18 and WA-34) and those from the Tertiary aquifers (Lower Eocene, Mio-Pliocene 

and Quaternary) sampled close to the El Outaya Triassic salt diaper “Djebel El-Melah” (WA-15, 

WA-28), inside Biskra city and in the plain south of Biskra. The C.I. groundwater from well WA-

18 represents the extreme pole of the group. 

As exception to these three main groups, the Turonian sample WA-29 collected in El Kantara area 

present Na-SO4/Cl characteristics. 

Nitrate concentrations in the study area ranges from 0.2 to 46 mg L-1. According to the WHO 

Guidelines (WHO, 2011) the threshold for NO3 in drinking water is 50 mg L-1. Values of NO3 up to 

25 mg L-1 are common in El Outaya plain and the vicinity of Biskra, corresponding to Quaternary, 

Mio-Pliocene and Lower Eocene groundwaters. The highest nitrate contents, up to 42 mg L-1, have 

been detected in the Quaternary and Mio-Pliocene aquifers south of Biskra town. The origin of 

such nitrate concentrations in the Tertiary aquifers could not be only explained by natural soil 

nitrate, pointing to the existence of an anthropogenic pollution. This would be consistent with 

results reported by Hamzaoui et al. (2011) who postulated an anthropogenic origin of nitrate in 

the Mio-Pliocene and the Lower Eocene aquifer, due to the use of organic fertilizers in agriculture. 

Information collected within the WADIS-MAR project evidenced that for some cropping 

(intercropping of orchards and date palm) near Biskra city, not depurated wastewater is also 

reused as fertilizer. The lowest nitrate concentrations were found in the Turonian and C.I. aquifers 

(0.5 – 5 mg L-1 of NO3) to the north and north-east of the study area, and west of Biskra city. 

Surface waters are characterized by low nitrate contents, too, ranging from 0.9 to 3 mg L-1of NO3. 

The isotopic composition of dissolved nitrate has been determined with the aim of better 

identifying the origin and fate of nitrate in the study area. 

Sulphate concentration in almost all ground- and surface waters sampled in the study area is quite 

high, ranging between 500 and 1600 mg L-1. Only the Maastrichtian and Turonian aquifers, with 

the exceptions of samples WA-26 (1419 mg L-1) and WA-25 (1036 mg L-1), respectively, are 

characterized by sulphate concentrations smaller than 500 mg L-1. The isotopic composition of 

dissolved sulphate was determined to identify the sulphate sources and the sulphur cycle in the 

study area. 
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6.3.1.2. Isotopic data 

In order to complement the interpretation of chemical results, a multi-isotopic assessment of the 

study watershed has been carried out. A summary of results for the stable isotopes of water, the 

radioactive isotope of hydrogen (Tritium), the isotopes of sulphate, nitrate and boron are 

presented in the following. 

The origin of aquifer recharge and dating age of groundwater: stable Isotopes of water (δ18OH2O 

- δ2HH2O) and radioactive Isotope of Hydrogen (Tritium) 

The stable isotopes of water (2HH2O, 18OH2O) could provide information on the sources and mode of 

aquifer recharge, potential aquifers connections and residence time of water in the different 

aquifers. Results obtained were represented with global and local meteoric water line. In order to 

determine the Local Meteoric Water Line (LMWL) for the Biskra study area, the precipitation data 

of the Global Network of Isotopes in Precipitation (GNIP, IAEA/WHO, 2015) from all the stations 

located in Algeria and close to this country, i.e. in Tunisia, have been evaluated. Due to the 

position with respect to Biskra city, the stations of Algiers University, Algiers-CN, Ouargla and 

Nefta have been considered as the most representatives. Saighi (2005) obtained a LMWL from 

Algiers station studied during the period 2000-2004 of δ2H = 7.15 δ18O +7.92 (R2=0.92; n=113). The 

δ18OH2O and δ2HH2O data for the water samples collected in the Biskra study area are plotted 

coupled with the Local Meteoric Water Line (LMWL) and the Global Meteoric Water Line (GMWL, 

δ2H = 8*δ18O + 10) in Fig. 6.23. 

Results for the collected groundwater samples are fairly distributed between the LMWL and the 

GMWL, with δ18O varying between -4‰ and -8.8‰, and δ2H between -29.2‰ and -58.9‰. 

Concerning the surface waters, which isotopic signature could give an indication on local rainfall 

and potential current recharge to the aquifers of the study area, the δ18O ranges from 0.0 ‰ to -

6.5‰, and the δ2H from -9.3‰ to -45.2‰. Some of the surface waters (WA-50, WA-50b, WA-51 

and WA-53) are affected by important evaporation processes, which caused their enrichment. This 

effect of evaporation was also observed in the isotopic signature of the sample of rain (“RAIN”) 

collected in Biskra town. Regarding the sampled groundwaters, four main groups could were 

identified:  
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Figure 6.23. δ

18
OH20 vs. δ

2
HH2O graph for the water samples collected at the Biskra study area (from WADIS-MAR, 2016) 

 

1. The first group includes samples from the C.I. aquifer and from the Turonian groundwaters 

collected in the northern mountainous areas, as well as some water point from the 

Maastrichtian aquifer (WA-33 and WA-135). This group of waters corresponds to the lower 

stratigraphic formations. In this sense, the deepest groundwaters, from the C.I. aquifer, are the 

lightest having a composition of δ18O around -8.4‰ and δ2H between -54.7‰ and -59.0‰. This 

depleted signature of the C.I. aquifer could be attributed to a recharge occurred during a cooler 

climatic regime at the end of Pleistocene. Samples from Turonian outcropping also showed light 

values that can be explained by some mixing/influence with C.I. groundwater.  

2. The second group is mainly made up of Maastrichtian groundwaters, with δ18O and δ2H around 

-7.8‰ and -51.5‰, respectively. Also samples WA-34, WA-102 and WA-104 from the C.I. 

aquifer, as well as WA-21 from the Mio-Pliocene aquifer belong to this 2nd group. For the C.I. 

samples, their enriched values of δ18O (around -7.5‰) and δ2H (from -53.5‰ to -50‰) could 

be explained by some potential mixing with the overlaying Upper Cretaceous and Tertiary 

(137)

WA-09, 134

WA-33,33b

WA-25
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aquifers: while rising up along fractures, the C.I. groundwater could mix with groundwater from 

the overlaying formations. The similar δ18O and δ2H composition of the three C.I. mentioned 

samples and that of WA-21 (δ18O = -7.9‰ and δ2H = -50‰) from the Mio-Pliocene aquifer in 

the vicinity of Biskra also suggests a raising up of depleted C.I. groundwater through the 

important fracture network in this area, affecting the overlaying aquifers.  

3. Groundwaters from the Quaternary, Mio-Pliocene and Lower Eocene aquifers present a similar 

chemical composition and also for the stable water isotopes. This group of samples are affected 

by mixing two end-member, i.e. current recharge (rain + surface water/runoff in El Kantara and 

Biskra Plain) and Cretaceous (C.I., Maastrichtian and Turonian) groundwaters. It could be 

observed that groundwaters belonging to these first three main groups are all depleted relative 

to the median rain in Algiers, according to the continental effect by which rain becomes 

isotopically depleted with distance from the sea (inland effect). Some Maastrichtian and 

Turonian samples also belong to this 3rd group of waters. They were collected south of the 

antiform of Biskra and close to one of most important fault of the study area, the fault of 

Biskra. In this area, the Upper Cretaceous formations are covered by the Tertiary formations, 

suggesting the existence of connection among the corresponding aquifers in this area.  

4. Finally, a fourth group could be identified, made up of some Mio-Pliocene waters presenting a 

heavier isotopic composition, with δ18O and δ2H up to -4‰ and -29‰, respectively, that 

suggests they could be affected by evaporation processes possibly occurred through soil during 

recharge.  

With the aim of dating the age of groundwater in the Biskra study area, some samples from the 

different aquifers of interest have been analysed for their Tritium or 3H concentration. Tritium 

concentrations for the C.I. groundwater (0-0.4 UT) indicate this aquifer to be recharged more than 

60 years ago (“pre-bomb” waters). However, in some samples from C.I., influence of by recent 

water (Surface Water: 3.5 UT) has been observed. The remaining groundwaters are characterized 

by Tritium values between 0 UT and 3.1 UT, indicating they are a mix of pre-atomic-bomb (> 60 

years) and recent water, even in the case of the Quaternary aquifer. The different Tritium 

concentration within the same aquifer could indicate mix in different proportion of such type of 

waters. These results suggest the Tertiary groundwater to be a mix between C.I., Maastrichtian 

and surface waters, supporting the findings highlighted by the bulk chemistry and the water stable 

isotopes, especially the importance of tectonic settings of the study area in the evolution of the 

hydrofacies. 
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The origin of solutes and the identification of the potential sources of groundwater pollution: 

isotopes of dissolved Sulphate (δ34SSO4 and δ18OSO4), Nitrate (δ15NNO3 and δ18ONO3) and Boron 

(δ11B) 

The isotopic composition of dissolved sulphate (δ34SSO4 - δ18OSO4) can help to identify the sulphate 

sources in the study area. Dissolved sulphate in groundwater can be derived from natural 

weathering of evaporate bedrock, sea-spray aerosol or anthropogenic sources (e.g. fertilizers, 

sewage, salt mining, etc.). The presence of large amount of sulphates is an important issue for 

water quality in arid and semi-arid regions. The isotopic composition of dissolved sulphate 

indicates that the origin of sulphate for the thermal waters from the C.I. is natural, from the 

interaction with Cretaceous and Triassic evaporitic materials. The lower δ34SSO4 and δ18OSO4 values 

coupled with lower SO4 concentrations for some samples from the Maastrichtian aquifer and 

some groundwater from Turonian aquifer suggest a sulphate related to natural soil sulphate. In 

the other aquifer units (Quaternary, Mio-Pliocene, Lower Eocene, Lower Eocene-Maastrichtian, 

some Maastrichtian and Turonian samples), the sulphate could likely be a mix between the 

previous end-members, with some potential effect of sewage and/or fertilizers. In the case of 

Quaternary and Mio-Pliocene groundwaters, the anthropogenic contribution is supported by the 

presence of higher nitrate concentrations. 

The isotopic composition of nitrates coupled with chemical data could give important indications 

on the origin of nitrates. According to the δ15NNO3 and δ18ONO3 values, for the majority of the 

Maastrichtian groundwaters the nitrogen is most likely of natural origin, from soil or possibly from 

atmosphere. The NO3 concentrations associated to these samples are below 15 mg L-1. However, 

the nitrate concentrations in the Tertiary aquifers (13 to 42 mg L-1) are too high to be explained by 

natural soil nitrate, pointing to the existence of anthropogenic pollution. In fact, the isotopic 

composition of nitrate evidence that the origin of nitrate contamination affecting the Quaternary 

and Mio-Pliocene aquifers in El Outaya plain and the vicinity of Biskra town is probably related 

with wastewater or manure pollution. Under the first hypothesis (i.e. wastewater), contamination 

could be from derived the reuse of not treated wastewater as fertilizer for some cropping and, 

especially close and south of Biskra town, from sewage network losses and/or wastewater 

effluents that go directly to the wadi Biskra and can infiltrate into the aquifers. In the case of the 

second hypothesis (i.e. manure), the contamination could proceed from the use of animal manure 

as organic fertilizer in agriculture. Despite nitrate concentrations vary in the study area, the 
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isotopic data did not show a significant typical trend of denitrification reaction (Kendall et al., 

2007).  

The isotopic composition of boron (δ11B) does not provide relevant information to clarify the 

origin of nitrate contamination. The low content of the contribution of domestic detergents in the 

wastewater in the study area prevents to use the isotopic composition of boron to discriminate if 

the nitrate pollution identified in the Biskra study area proceeds from animal manure or 

wastewater. 

Still, according to the results for the isotopes of nitrates, the contribution of mineral fertilizer 

could be discarded. Results obtained in this study suggest that natural nitrate attenuation is 

probably not occurring significatively in the aquifers in the Biskra area. 

6.3.2. Oum Zessar area (Tunisia) 

Chemical and isotopic results of the surveys carried out in the Oum Zessar area (Médenine region) 

in January 2013 and January 2014 are shown and discussed in the following sections. 

6.3.2.1. Chemical data 

Overall, the pH values is almost neutral for groundwater samples ranging from 7.0 to 8.2. 

The temperature ranges from +17 and +26.4 °C. Higher temperatures were observed in the 

Vindobonian sands aquifer of the Mio-Pliocene of the Djeffara and in the Triassic aquifer reaching 

values between +28.3 and +31.6 °C, respectively. The maximum temperature (+43.2 °C) was 

observed in the well WT-70 from the C.I. aquifer in agreement with geothermic gradient. 

The Redox potential (Eh) measurements show values from +169 to +497 mV. The only exceptions 

are the waters at well WT-70 from the C.I. aquifer (Eh = -87 mV), where reducing conditions occur. 

In addition, samples WT-09 (Eh = +73 mV) and WT-40 (Eh = +54 mV) from the Mio-Pliocene of the 

Djeffara and Triassic aquifers, respectively show the lowest redox in Médenine area. 

According to Electrical Conductivity (EC) measurements, most groundwaters present EC values 

ranging from 1300 to 9500 µS cm-1. The highest EC value was observed in C.I sample WT-70 (15000 

µS cm-1). In this sample, the mineralization is usually related to their high chloride, sulphate, 

sodium and calcium concentrations (up to 6844 mg L-1, 2617 mg L-1, 2977 mg L-1and 1666 mg L-1 

respectively). The Surface Water (SW) sample is characterized by a low level of mineralization, 

with EC around 700 µS cm-1. 
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In order to highlight different mechanisms contributing to groundwater mineralization, the 

relationships between major ions have been evaluated. The Na/Cl equivalent ratio is 

approximately 1 for most samples (Fig. 6.24a), indicating that halite dissolution is occurring. Still, 

some excess of Cl- exist, especially in sample WT-22 and WT-70. This excess could be produced by 

cation exchange with Ca2+ and Mg2+ for these samples. In a Ca + Mg versus SO4
2- graph (Fig. 6.24b), 

most samples are plotted close to the stoichiometric equilibrium line representing calcium and 

magnesium sulphate dissolution. Only sample WT-70 fall over the equilibrium line that suggests 

the possible cation exchange with Na that was pointed out in the depleted Na concentration in 

sample WT-70. 

 
Figure 6.24. Relation between Na and Cl (a) and between Ca+Mg and SO4 (b) for the samples collected in the Oum 
Zessar study area (from WADIS-MAR, 2016) 

 

The plot of the hydrochemical results on the Piper diagram (Fig. 6.25) allows to differentiate 

different types of water. In general, this study area showed few variations regarding the type of 

water. Most groundwater samples can be classified as SO4 and SO4/Cl – Na and Na/Ca type. Only 

the surface water collected in the wadi Oum Zessar and WT-70 from C.I. aquifer are clearly 

distinct, especially in the anions triangle (Fig. 6.25). Regarding surface water, WT-Oued shows a 

SO4-Ca water type. The C.I. groundwater from WT-70, collected outside of the study area, is Cl-Na 

water type. However, the sample collected in C.I. aquifer (WT-73) inside of the study area, shows 

lower mineralization and the type of water more similar to other groundwater samples. Jurassic 

aquifers samples collected in the Jeffarah plain (WT-17 and WT-41) show a SO4/Cl-Na/Ca water 

a b 
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type. Similar type of water can be interpreted for samples obtained in Triassic and Tertiary 

aquifers that are located between the two end members of surface water and fossil waters. In 

general, samples showed similar water type that can be related with hydraulic communication 

between different aquifers through the fracture network and the tectonic structures (faults). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.25. Piper diagram for the surface and groundwater samples collected at the Oum Zessar study area (field 
campaigns of January 2013 and January 2014) (from WADIS-MAR, 2016) 
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Nitrate concentration in the study area reaches values up to 58 mg L-1; nitrates were not detected 

in the C.I. aquifer. Surface water is characterized by low nitrate contents with value measured of 

3.5 mg L-1. The highest nitrate concentration (58 mg L-1), over the established threshold for 

drinking water (WHO, 2011), is observed in WT-69 from Quaternary aquifer located in the western 

limit of the Médenine area. The highest observed values cannot be explained only by natural soil 

nitrate. Therefore, some anthropogenic source of nitrate pollution exists in Médenine area. High 

nitrate concentration is observed in the south-west of the Médenine area in Quaternary and 

Jurassic aquifers. Values of NO3
- up to 25 mg L-1 are common in the Triassic aquifer. Most of the 

samples with high nitrate concentration from this aquifer are located in the central part of the 

plain whereas the wells with low nitrate concentration are usually depth wells (depth > 300m), not 

affected by pollution. Regarding Djeffara aquifers, groundwaters from the north show variable 

concentration ranging from <5 to 26 mg L-1. The lowest nitrate concentrations are detected in the 

Mio-Pliocene of the Djeffara aquifer in this area.  

The concentration of sulphate in groundwater and surface water samples range from 72 mg L-1 

found in ZK Jurassic aquifer (WT-41) up to 2617 mg L-1 observed in MQP aquifer (WT-22). The 

higher sulphate concentrations are observed in the north and in the east side of the study area. 

Mio-Pliocene and MPQ aquifers from Jeffara plain show SO4
2- values from 843 to 2617 mg L-1; only 

the sample WT-69 in the south-west (Béni Khédache) shows very low sulphate concentration (109 

mg L-1). Jurassic aquifers show a concentration of sulphate variable, ranging from 92 mg L-1 (WT-

17) to 651 mg L-1 (WT-41). Triassic aquifer shows variable concentration with SO4
2- > 1300 mg L-1 in 

the central-east of Médenine area (WT-34, WT-33, WT-40) and <1000 mg L-1 in most of the 

samples located in the central-north part of Jeffara plain. Samples from C.I. aquifer show sulphate 

concentration ranging from 1417 to 2438 mg L-1 measured in WT-70.  

Regarding minor and trace elements, it has to be emphasized the presence of 1.2 mg L-1 of lithium, 

1 mg L-1 of iron, 3.1 mg L-1 of boron and 2.4 mg L-1 of NH4
+ in sample WT-70 from the C.I. aquifer, 

as well as 1.4 mg L-1 of iron in sample WT-41.  

Finally, the higher Dissolved Organic Carbon (DOC) concentration was found in the surface water 

sample WT-Oued. 
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6.3.2.2. Isotopic data 

With the aim to complement the interpretation of chemical results, a multi-isotopic assessment 

has been carried out also for the Oum Zessar study area.  

The origin of aquifer recharge and dating age of groundwater: stable Isotopes of water (δ18OH2O 

- δ2HH2O) and radioactive Isotope of Hydrogen (Tritium) 

The δ18OH2O and δ2HH2O data for the water samples collected in the Oum Zessar study area are 

plotted coupled with the Global Meteoric Water Line (GMWL, δ2H = 8*δ18O + 10) and LMWL in Fig. 

6.26. In order to determine the Local Meteoric Water Line (LMWL) for the study area, the 

precipitation data of the Global Network of Isotopes in Precipitation (GNIP, IAEA/WHO, 2015) from 

all the stations located in Tunisia were evaluated. Due to the position with respect to Médenine 

area, the station of SFAX can be considered as the most representative one. As LMWL, the Local 

Meteoric Water Line found in Zouari et al. (2011) was considered for the study area.  

 
Figure 6.26. δ

18
OH20 vs. δ

2
HH2O plot showing the water samples collected at the Oum Zessar study area (from WADIS-

MAR, 2016) 

 



182 
 

Almost all results for the collected groundwater samples show similar trends than the LMWL and 

the GMWL, with δ18O varying between -4.2‰ and -8.4‰, and δ2H between -28.4‰ and -60.4‰ 

(Fig. 6.26). For the surface water sample, isotopic signature measured was -5.5‰ for δ18O and  

-28.4‰ for δ2H closed to weighted mean value of rainfall. These values could give an indication on 

local rainfall and potential current recharge to the aquifers. The most depleted value corresponds 

to C.I. (WT-70) with δ18O of -8.4‰ and δ2H of -60.4‰. These values were consistent with the 

isotopic composition measured in water from C.I. in Algeria. This depleted isotope signature for 

the C.I. represents a non-renewable groundwater resource, recharged during past pluvial periods 

which occurred across entire Northern Africa during the late Pleistocene and early Holocene 

(Trabelsi, 2009). Most of the samples can be interpreted as local recharge as for instance 

groundwater from Quaternary, ZK Jurassic and Triassic aquifers with values slightly lower than 

surface and rainfall water. Samples from MPQ aquifer show a different trend than GMWL or 

LMWL. The evolution of MPQ samples can be interpreted as more influence of sea water from WT-

19 located inland to WT-04 and WT-24 located close to coast. Samples from Mio-Pliocene aquifer 

show depleted values towards similar values than Cretaceous and C.I. aquifer (WT-71 and WT-70). 

These samples are located in the north where there is an important fracture network that can 

produce the hydraulic connectivity producing the vertical leakage of C.I. groundwater to the 

overlaying Mio-Pliocene and MPQ aquifers through the system of faults. 

In order to date the age of groundwater in the Oum Zessar study area, some samples from the 

different aquifers of interest were analysed for their Tritium concentration. Tritium analyses were 

carried out only for samples from the Triassic, ZK Jurassic and C.I. aquifers. The Tritium amounts 

range between 0 UT (C.I. aquifer  pre-bomb water) and 0.8 UT (ZK Jurassic). The tritium from C.I. 

are in agreement with Tritium observed in the Algerian study area indicating the old water 

recharge as was pointed out with depleted isotopic composition of O and H from water. All the 

samples present values < 1 UT that may indicate waters are a mix between pre-bomb and recent 

waters (values in local rain are about 3 UT). Tritium results from MPQ suggest that connectivity 

with quaternary materials and C.I. is also produced. Regarding Triassic and Jurassic aquifers, low 

tritium content could suggest some influence of fossil water from C.I. that could mixing favored by 

lateral input through faults in the central part of the study area where connection between C.I. 

and Jurassic and Triassic materials occurs. 
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The origin of solutes and the identification of the potential sources of groundwater pollution: 

isotopes of dissolved Sulphate (δ34SSO4 and δ18OSO4), Nitrate (δ15NNO3 and δ18ONO3) and Boron 

(δ11B) 

The isotopic composition of sulphate of the collected samples indicates that their SO4 is mainly of 

natural origin, being dominant the interaction with Triassic evaporites. Possibly, another source of 

SO4 is the aerosol coming from Sahara, as some values show similar isotopic composition than SO4 

of the diagenetic gypsum from Sahel desert (desert rose). Other potential sources for sulphate can 

be detergent or sewage near urban areas. However, sulphate from detergent and sewage shows 

similar isotopic composition than local gypsum sample. Therefore, the isotopic composition 

cannot clearly distinguished between natural and anthropogenic sources of sulphate using S and O 

from sulphate isotopes. No influence from Mediterranean Sea spray has been observed. 

The isotopic composition of dissolved nitrate of most samples from Triassic, Jurassic and MPQ 

aquifers is in agreement with a natural origin of this compound from soil nitrogen. However, some 

samples from these aquifers show high nitrate concentration > 15.0 mg L-1 discarding this natural 

origin and they point out an origin from volatilized ammonia from ammonium fertilizers or some 

influence of organic nitrate. Some influence of organic nitrate (sewage and/or manure) has been 

observed in Jurassic and Triassic aquifers. The positive trend of δ15NNO3 and δ18ONO3 showed by 

samples from Mio-Pliocene and MPQ of Djeffara aquifers coupled with their low nitrate 

concentrations suggest the occurrence of some natural attenuation (denitrification) process. The 

remaining studied samples show a little dispersion of nitrate isotopic values toward higher 18ONO3 

and lower 15NNO3 values that can not result from denitrification but might be explained by an 

impact of nitrate from atmospheric origin. The effects of atmospheric nitrate can be observed in 

samples from Quaternary aquifer and maybe in some samples from Triassic aquifer. 

The isotopic composition of Boron (δ11B) in the waters sampled in the Oum Zessar study area 

ranges from +22.4‰ to +32.7‰, whereas the concentrations of boron of the collected samples 

vary from 200 to 5400 µg L-1. The δ11B of local samples of a domestic detergent, a NH4NO3 

fertilizer and lamb manure from Tunisia have also been analyzed, finding values of -6.1‰, -7.4‰ 

and +34.6‰, respectively, in agreement with the literature data. However, some local samples 

clearly influenced by wastewater from Tunisia show δ11B values higher than expected due to the 

contribution of sea spread in rain than masked the signal from different sources of boron. 



184 
 

6.4. Selection of suitable sites for MAR systems design and implementation 

The selection of the most suitable sites for the MAR systems implementation in the wadi Biskra 

watershed (Algeria) and in the Oum Zessar area (Tunisia) was based on the results of the 

geological, hydrogeological and hydrogeochemical characterization of the two study areas and 

also on the suggestions about specific local conditions provided by the local partners (IRA and 

CRDA in Tunisia and ANRH in Algeria). 

The designed MAR interventions are targeted on the inféro-flux aquifer in the Quaternary deposits 

of wadi Biskra and on the Triassic sandstone aquifer in the Oum Zessar area, which are both 

characterized by groundwater overexploitation due to the increasing water demand for drinking 

and agricultural purposes over the last decades. This has lead to a progressive decline of the 

piezometric surface for the two aquifers. In both study areas, the only possible water resource 

that can be used as source for managed aquifer recharge is represented by the flash flood water, 

produced by erratic and concentrated rainfall events, which converge into wadi beds. Since this 

surface water normally is not managed before to reach the depressions such as chotts or sebkhas, 

where it evaporates completely, most part of this available resource is lost. In order to catch and 

infiltrate a part of this water to increase groundwater availability of the aquifers, which are the 

target of the artificial recharge interventions, the designed MAR systems are placed into the wadi 

beds. 

In Algeria, the selected intervention site corresponds to an area in the northern part of the wadi 

Biskra, downstream of the confluence between the wadi Branis and the wadi Leftah (Fig. 6.27). 

This choice is due several considerations: 

 in this part the wadi Biskra is wider than the portion downstream close to the city of Biskra, 

reaching a width of about 800 m; 

 especially in the central part of this area, the thickness of the alluvial deposits that host the 

infèro-flux aquifer ranges from 30 to 50 m (see Fig. 6.18, section 6.2.2); 

 immediately downstream of this area, on the right side of the riverbed, there is the well field 

that exploits groundwater from the inféro-flux aquifer for the drinking water supply of the city 

of Biskra. 
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Figure 6.27. MAR intervention site in the wadi Biskra 

 

 

In the Oum Zessar area, as highlighted by the 3D hydrogeological model, in the part of the Jeffara 

plain at west of the Médenine fault, the Triassic aquifer is hosted in the sandstones that are 

covered by the MPQ layers or they outcrop along the wadis because of erosional processes. In this 

area, 5 intervention sites, corresponding to 6 different wadis, were selected (Fig. 6.28): 

 Site 1: wadi Hallouf; 

 Site 2: wadi Naggueb; 

 Site 3: wadi Gattar; 

 Site 4: wadis Megarine and Arniane; 

 Site 5: wadi Hajar. 
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Figure 6.28. MAR intervention sites in the Jeffara plain (Médenine region) 

 

 

Since alluvial deposits lie above the Lower Triassic sandstones in these wadis, Electrical Resistivity 

Tomography (ERT) surveys were carried out on six selected sites to obtain a 2D profile of the 

subsurface (Fig. 6.29) (Arras et al., 2015). Aims of the surveys were to recognize and characterize 

the thickness of these wadi alluvium deposits in order to better design the MAR systems. The 

results of these ERT surveys show the occurrence of a layer with resistivity values greater than 250 

ohm m within the wadi areas. These layers have thickness ranging from 5 to 15 m. According to 

outcropping geology and stratigraphic information coming from nearby existing wells, this 

resistive layer is interpreted as the unconsolidated and unsaturated alluvium that cover the 

Triassic formations (Arras et al., 2015). 
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Figure 6.29. ERT surveys location (Jeffara plain –Médenine region) (from Arras et al., 2015) 

 



188 
 

6.5. MAR systems design 

The designed MAR systems can be considered as integrated and innovative systems. They are 

integrated systems because they are obtained combining different recharge facilities such as those 

previously described (see section 2.2). They can be also considered innovative and experimental 

systems because they present some technical innovations compared to the state of the art, which 

are aimed at improving the efficiency of managed aquifer recharge. These new technical solutions 

are represented by: 

 the recharge chambers, namely recharge trenches designed at each recharge well; 

 the Passive Treatment System, installed within each recharge facility to improve the recharge 

water quality and reduce the clogging processes at the infiltrating surface. 

6.5.1. Passive Treatment System 

The design of the Passive Treatment System for these MAR facilities was realized in collaboration 

with the Mineralogia Aplicada i Geoquímica de Fluids (MAG-UB) research group of the University 

of Barcelona. It is based on previous experiences developed by MAG-UB in other European 

projects, such as the ENSAT (Enhancement of Soil Aquifer Treatment) LIFE+ project 

(http://www.life-ensat.eu/). Within this project, a reactive layer was installed in the infiltration 

pond of Sant Vicenç dels Horts that is located in the Low Llobregat Delta (Catalonia, NE Spain). This 

MAR system is recharged by water coming from the Llobregat River or from tertiary effluent of a 

wastewater treatment plant (WWTP). The results of this artificial recharge system was adapted 

and transferred to the MAR systems implementation in the Algerian and Tunisian intervention 

sites. 

The overall objective of including a Passive Treatment System in the MAR systems design is to 

enhance and optimize water quality improvement processes occurring during the managed 

aquifer recharge. The design of this Passive Treatment System consists of 2 main parts (according 

to the order of installation of the system, e.g. from bottom to top), each one aiming at different 

but complementary purposes (Fig. 6.30): 

 a Reactive Layer (bottom part), which is made up of an approximately 0.60 m thick mixture of 

the following components: 

• “a”: local aquifer gravel-sand material (approx. 50% in volume), which provides structural 

integrity and ensures hydraulic conductivity; 

http://www.life-ensat.eu/
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• “b”: vegetable autochthonous compost (approx. 49% in volume), represented by crushed 

palm tree leaves. Taking into account the low organic matter content in the soils and 

aquifers of both intervention areas, this compost provides a constant supply of easily 

degradable DOC to generate different redox environments along the flow path (aerobic 

respiration → denitrification → manganese/iron reduction → sulphate reduction → …), 

where different microbial communities would be able to reduce some not desirable 

inorganic compounds (nitrates, etc.). Additionally, some organic compounds, including 

micropollutants (pesticides, surfactants, pharmaceuticals, etc., with concentrations of  

µg L-1) could be degraded under the different generated redox conditions; 

• “c”: minor clays (<= 1% in volume), possibly constituted mainly by illite, which is not 

expansive. They provide extra sites for the sorption of cationic organic contaminants. Any 

local clay from the region would be suitable. Component “c” could be omitted in case 

Component “a” (local aquifer gravel-sand material) already contains some clay. 

• the previous mixture layer have to be scattered with iron oxides in form of goethite  

(<= 0.1% in volume. Component “d”), which add extra sites for sorption of anionic organic 

micropollutants. Any local soil from the region containing some iron could be used as 

Component “d”. 

 The previous Reactive Layer is then covered by a layer of inert materials (upper part), which is 

made up of: 

• component “e”: about 0.20 m layer of local wadis-aquifer sand (particle size between 1 and 

2 mm), in order to ensure the mechanical filtering of suspended particulate matter and to 

prevent the subjacent material from floating; 

• component “f”: finally, an additional 0.06-0.08 m layer of local aquifer medium-coarse 

gravel (particle size between 2 and 16 mm) is recommended to be installed over the 

previous sand layer, in order to protect it and the subjacent Reactive Layer from erosion (a 

periodical maintenance and renewing of the Component “f” is recommended). 
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Figure 6.30. Passive Treatment System (from WADIS-MAR, 2016) 

 

6.5.2. Laboratory experiments 

Anaerobic batch and flow-through experiments were performed to assess the feasibility of two 

organic substrates to be used as component “b” in the Passive Treatment System, in order to 

promote denitrification of nitrate contaminated groundwater within the designed MAR systems. 

In arid regions such as the two study areas, short-term efficient organic substrates are required 

due to the short recharge periods. For their use in these systems, the effectiveness of two low-

cost, easy-available and easy-handed organic substrates was examined: commercial vegetal 

compost and crushed palm tree leaves. The possible adverse effects such as nitrite accumulation, 

ammonium formation and sulphate reduction were also considered and characterized by using 

isotopic tools.  

6.5.2.1. Batch experiments 

Results of batch experiments with commercial compost (CCB) complete nitrate consumption were 

achieved in less than 12 days (Fig. 6.31a). An initial NO3
- release by the compost of up to 2.6 mM 

was observed. In the palm tree leaves batch experiment (PTB), complete nitrate reduction was 

achieved in less than 20 hours with no significant initial NO3
- release (Fig. 6.31b). In both batch 
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experiments, transient NO2
- accumulation was observed. In the CCB experiment, up to 0.1 mM of 

nitrite was released during the first day, and thereafter, nitrite concentration gradually decreased. 

A similar nitrite trend was observed in the PTB experiment, with a more important peak of nitrite 

with higher concentration of 0.7 mM after 14 hours. These results showed the different velocity to 

enact denitrification reaction for compost and palm material. Results showed that palm is faster 

material to promote complete nitrate and nitrite attenuation compared with compost. 

 
Figure 6.31. Variation of nitrate and nitrite concentration over time in the batch experiments. (a) CCB and Control 
experiments. (b) PTB and Control experiments. Nitrate concentration of the spiked solution is also shown (Input NO3

-
) 

(from WADIS-MAR, 2016) 

 

6.5.2.2. Column experiments 

Results of the evolution of NO3
-, NO2

-, and SO4
2- of the flow-through experiments by using 

compost (CCC) and palm tree leaves (PTC) are shown in Figs. 6.32 and 6.33, respectively.  

The CCC experiment is characterised by an important initial NO3
- release (up to 4.3 mM) in the first 

4 days of stage I. This NO3
- was released due to leaching from the compost, similarly to what it was 

observed in the CCB experiment. After that, complete nitrate consumption was achieved. The 

decrease in NO3
- concentration was coupled with a slight increase in NO2

-, which reached values 

up to 1.3 mM in the first 7 days. In addition, slight NH4
+ concentration is detected in the output 

(values between 0.03 μM to 0.4 mM) (Fig. 6.32). The δ15N values of dissolved NH4
+ ranged 

between +7.1‰ and +11.4‰ in the CCC experiment similar values than δ15N from solid compost. 

Therefore, increase in NH4
+ was also related with some leached from compost due to isotopic 

composition of dissolved NH4
+ matched up with 15N from compost. The SO4

2- concentration in the 

a b 
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input water was 1.9 mM and in the outflow water ranged from 0.4 mM to 3.8 mM. During most 

part of the stage I outflow SO4
2- concentration was below the inflow concentration (Fig. 6.32). The 

outflow δ34S and δ18O values increase from +7.7‰ to +22.4‰ and from +10.1‰ to +13.6‰, 

respectively as SO4
2- concentration decrease. These results suggest the occurrence of sulphate 

reduction once nitrate was completely removed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.32. NO3

-
, NO2

-
, and SO4

2-
 outflow concentration over time under variable operating conditions for the 

commercial compost column (CCC) experiment. Nitrate and sulphate contents of the inflow water are also shown 
(continuous and dashed lines, respectively) (from WADIS-MAR, 2016) 

 

After the 7 week lag period, no NO3
- leaching from the compost was observed and nitrate 

concentration decreased progressively down to values below the detection limit (< 2 µM). During 

this stage no significant NO2
- accumulation was observed. The outflow concentration of NH4 
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during this stage II remained with values close the detection limit (0.03 µM). These results showed 

the capacity of compost to promote nitrate attenuation after dry periods. However, SO4
2- 

concentration was below inflow concentration due to some sulphate reduction occur at the end of 

the stage (after 213 days). 

In the PTC experiment, no significant initial NO3
- and NO2

- release was observed (Fig. 6.33). 

Contrary to the CCC experiment, a sharp increase of NH4
+ (up to 6.3 mM after 1 day) was detected 

(Fig. 6.33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.33. Changes in NO3
-
, NO2

-
, and SO4

2-
 outflow concentration over time under variable operating conditions for 

palm tree leave column (PTC) experiment. Nitrate and sulphate contents of the inflow water are also shown 
(continuous and dashed lines, respectively) (from WADIS-MAR, 2016) 
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This increase in NH4
+ could indicate NH4

+ leaching from vegetal decomposition but could also be 

generated by DNRA (Dissimilatory Nitrate Reduction to Ammonium). If NH4
+ is leached from the 

organic substrates its isotopic composition should be in agreement with the reactive material 

(palm). Therefore, NH4
+ leaching was the main source of NH4

+ observed at the beginning of palm 

experiment. However, at the end of the stage I of the PTC experiment, the δ15NNH4 values were 

significantly higher (up to +16.2‰). These isotopic values suggest the occurrence of DNRA in palm 

experiment. The extent of this process however is limited, since even assuming that all NH4
+ is 

derived from DNRA, this only accounts for a (maximum) 15% of NO3
- attenuation. Therefore, the 

main nitrate attenuation process produced by palm is denitrification. Similarly to the CCC 

experiment, during most part of the stage I outflow SO4
2- concentration was below the inflow 

concentration coupled with an increase in the isotopic composition of δ34SSO4 and δ18OSO4 values 

ranged from +9.1‰ to +10.6‰ for δ34S, and from +11.2‰ to +11.1‰ for δ18O pointed out the 

occurrence of sulphate reduction once nitrate is completely removed.  

After the lag period, complete denitrification was achieved again, although small NO3
- peaks were 

observed. Similarly to the CCC experiment, no significant NO2
- or NH4

+ accumulation was observed 

and outflow sulphate concentrations were below inflow concentrations at the end of the stage II 

(after 173 days).  

The results obtained in these laboratory tests indicate that the two low-cost materials, commercial 

compost and palm tree leaves, efficiently promote denitrification even after dry periods. Palm tree 

leaves, which have a higher labile organic carbon content than compost, gave higher 

denitrification rates and yield. In arid climates, where groundwater recharge periods are short, a 

short-term efficient organic substrate such as palm tree leaves is required. Furthermore, the palm 

is a cheap and easily available material in Maghreb region. Nevertheless, this substrate showed an 

initial ammonium release and a higher transient nitrite accumulation. Therefore, it will be 

necessary to assess the impact of ammonium, after implementation of the palm substrate on the 

field, although this may be limited by the bedrock materials (i.e. by the presence of clay minerals). 
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6.5.3. MAR systems design in Algeria 

The design of the MAR systems for the intervention site in Algeria envisages their arrangement 

into the wadi Biskra’s bed, in order to capture a part of the stream flow to recharge the inféro-flux 

aquifer (Figs. 6.34 and 6.35). The systems consist of : 

 4 temporary barriers; 

 3 recharge trenches; 

 4 recharge wells (dry star wells) with buried drainage pipes;  

 2 recharge wells (dry wells) with buried pipes; 

 1 recharge basin; 

 6 associated piezometers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.34. Designed MAR systems in the wadi Biskra 
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Figure 6.35. General plan of the designed MAR systems in the wadi Biskra 
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6.5.3.1. Temporary barriers 

The design includes the realization of 4 temporary barriers placed perpendicularly to the flow 

direction into the wadi bed and staggered to each other, with the main function of reducing the 

flow speed (Figs. 6.35 and 6.36). They are structures characterized by an absolutely temporary 

nature, obtained by means of the accumulation of the wadi material with high size (0.50 – 0.60 m). 

They have a trapezoidal section with the large base of 4 m, the small base of 2 m and the height of 

2 m, whereas the length of each barrier is 20 m (Fig. 6.37).  

6.5.3.2. Recharge trenches 

The recharge trenches are arranged perpendicularly to the flow direction. They are 3 and are 

disposed in cascade into the wadi bed in order to capture a part of surface water flow and to 

recharge the aquifer (Figs. 6.35 and 6.36). Each recharge trench is characterized by a V shape and 

it includes two branches, each of them with a length of 25 m. It is realized by the excavation of a 

trench, by means of an excavator, with a depth of 1.70 m. The section is trapezoidal reversed with 

the small base of 0.90 m and the large base of 1.80 m (Fig. 6.37). 

The recharge trenches are filled up to 0.30 m depth from the ground level with two superimposed 

layers which aim to remove inorganic suspended and dissolved solids and to promote degradation 

processes of organic and inorganic contaminants in order to improve the recharge water quality. 

They consist of, from the bottom (Fig. 6.37): 

 a layer composed by gravel of the wadi (particle size between 2 and 150 mm), obtained by 

sieving of the excavated material. The thickness of this layer is 0.50 m; 

 the Passive Treatment System, with a total thickness of 0.90 m. 

After that the recharge trench has been excavated and prepared according to the specifications 

mentioned above, the installation of the Passive Treatment System has to be carried out according 

to the following steps: 

1. components “a” (local aquifer gravel-sand material), “b” (palm tree leaves, previously crushed 

up to pieces-dimension of 15-20 cm) and “c” (clay) has to be blended in the nearby of the site 

of the recharge trench but outside of it, until obtaining a relatively homogeneous mixture; 

2. the mixture has to be manually (or with a digger) installed on the gravel layer placed at the 

bottom of the recharge trench;
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Figure 6.36 Temporary barriers and recharge trenches 
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Figure 6.37. Sections of the temporary barrier and recharge trench 
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3. after its installation, the mixture has to be (manually) scattered with the iron oxides in form of 

goethite or its equivalent (component “d”); 

4. the previous layers has to be then covered with the layer of local aquifer sand (thickness 0.20 

m) (component “d”) and, finally, with a layer of local aquifer medium-coarse gravel (thickness 

0.06-0.08 m) (component “f”). 

In the upper part, each trench is equipped with a cover made of precast concrete slabs (1.80*1.00 

m, and a thickness of 0.18 m) with a sufficient number of holes of 0.03 m in diameter, in order to 

retain the coarse material transported in the wadi bed. To support this cover, precast concrete 

edges, with a thickness of 0.20 m and a height of 0.30 m, have to be arranged along the walls of 

the excavation (Fig. 6.37). 

6.5.3.3. Recharge wells (type dry star well) and buried drainage pipes 

In order to recharge the inféro-flux aquifer hosted in the alluvial deposits of the wadi Biskra, 4 

recharge wells (dry star wells) are designed. They are arranged in succession along the wadi, dug in 

the vadose-zone of the aquifer, with a diameter of 2.60 m and a depth of 10 m. The wells are 

called star wells because by each of them 3 buried drainage pipes depart towards three different 

directions into the wadi. These pipes have the function of increasing the infiltrating surface (Figs. 

6.35 and 6.38). 

The recharge well is realized through an excavation by means of an excavator. In order that the 

excavator can access inside of the hole to reach the depth of 10 m, the excavation has to be 

accomplished with sufficiently large steps. After installation of the casing pipes, the excavation is 

filled with gravel (diameter 20-30 mm) into the space around the well (gravel packing) whereas 

the remaining volume is filled with the excavated materials. As shown in Fig.6.38, the dry star well 

is equipped with the recharge chamber which is dug from the ground level up to a depth of 1.80 

m, above the well. It has a square section with a side of 6 m and it is excavated with vertical walls 

from the ground level up to a depth of 1.30 m, then it continues with inclined walls to join them 

up to the excavation of the well. The casing pipes of the well are in GFRP (Fiber-glass reinforced 

plastic) PN10 with a diameter of 2.60 m. They have a sufficient number of holes with a diameter of 

0.10 m to allow the recharge of the aquifer not only through the bottom of the well but also 

through its walls. In order to sustain the weight of materials that are used to fill the recharge 

chamber above, the well is equipped with a circular cover (diameter 2.60 m) in GFRP, with holes of 
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0.02 m in diameter to permit water to enter into the well after its passage through the chamber. 

To prevent the entry of materials with smaller diameter than the holes of the casing pipes, the 

well is covered with a layer of geotextile. Another possible solution is that of install a filter nozzle 

with vertical slots (type ILMAP, http://en.ilmap.it/prodotti.php?cat=1) in correspondence of each 

hole, but this depends from the availability of such products on the local market and their costs. 

Inside the well, a pipe in GFRP with a diameter of 100 mm is installed (Fig. 6.38). In the upper part, 

it has a funnel shape to join it up to the cover of the well, whereas, the final part, placed at 1 m 

above the bottom, is characterized by a double outlet. Its function is to prevent air become 

entrained into the water, avoiding water to fall freely (cascading effect) into the well, and thus 

preventing the occurrence of air clogging phenomena. 

The recharge chamber is filled with the same modalities described above for the recharge trench. 

A piezometer is installed through the recharge chamber up to reach a depth of 5 m inside the well 

(Fig. 6.38). Its function is to allow the water samples collection from the recharge well, after the 

filtration through the Passive Treatment System. 

In order to improve the effectiveness of the recharge increasing the infiltrating surface, buried 

drainage pipes are connected to each dry star well in correspondence of its upper part (Fig. 6.38). 

For each pipe, a sufficient number of holes with a diameter of 0.01 m ensures the drainage along 

its all length. 3 drainage buried pipes, in GFRP (SN 4, with a resistance to crushing of 4 kN m-2) with 

a diameter of 300 mm, depart from each recharge well: the former has a length of 200 m and it is 

placed perpendicularly to the flow direction into the wadi; the second, with a length of 100 m, has 

the same direction of the streamflow whereas the third, with a length of 100 m, departs from the 

well towards the right riverside forming an angle of 45 degrees respect to the flow direction into 

the wadi. For the laying of the pipes, it is necessary to dig trenches by means an excavator, and 

their dimensions have to comply the following conditions: 

 B = D + 0.5 m (D < = 400 mm), B < H/2; 

 H > = 1 m et > = 0.5 D 

where D is the diameter of the pipe, B is the width of the trench in correspondence of the top of 

the pipe, H is the depth of the top of the pipe from the ground level. Fig. 6.39 (section E-E’) 

illustrates the section of a drainage pipe placed into a trench with a depth of 2.30 m. At the 

bottom of the trench, all the volume around the pipe is filled with gravel (diameter 20 – 30 mm) 

up to an height of 0.20 m above the top of the pipe. 
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Figure 6.38. Section of the dry star well 
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Figure 6.39. Sections of the buried pipe (D-D’) and the buries drainage pipe (E-E’) into their trench 
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The remaining volume into the trench is filled with the excavated materials. A geotextile is 

installed in correspondence of the contact surface between the two layers in order to protect the 

gravel layer at the bottom of the trench from clogging due to finer sized particles coming from the 

upper layer. For the laying of the pipe, the necessary slope along the trench has to be ensured to 

obtain the water flow along the pipe. If the slope of the ground is not sufficient, the depth of the 

trench has to be modified respect of that envisaged by the design. 

6.5.3.4. Recharge wells (type dry well) and buried pipes 

To ensure the recharge of the inféro-flux aquifer, another designed system consists of 2 recharge 

wells of type dry well. They are arranged in pair, staggered, and they are connected by buried 

pipes to an infiltration basin (Fig. 6.35). These recharge wells have the same function of the other 

wells and are designed according to the same technical specifications described above (Fig. 6.40). 

Each buried pipe is connected to the upper part of the recharge well and it has the function of 

conducting the excess water to the infiltration basin, in order to increase the effectiveness of the 

recharge (Fig. 6.40). They are in GFRP (SN 4) and have different diameters: the first pipe (diameter 

of 200 mm), with a length of 150 m, departs from the more external well to connect to the second 

pipe (diameter 300 mm, length of 90 m), which connects in turn the other recharge well to the 

recharge basin. The terminal part of the pipe, that is placed into the basin, consists of a dissipation 

system (diameter of 300 mm) with a length of 2 m and holes of 0.04 m in diameter, arranged 

according to an interval of 0.25 m along the horizontal direction (Fig. 6.40). The aim of this 

dissipation system, besides to ensure a continuous water circulation, is to reduce the energy of the 

incoming water and prevent the erosion on the bottom of the basin. Also for the laying of these 

pipes, it is necessary to dig trenches that have the same characteristics above mentioned for the 

drainage pipes. In this case, the bedding material at the bottom of the trench is represented by 

sand up to an height of 0.15 m above the top of the pipe. The remaining volume into the trench is 

filled with the excavated materials (section D-D’) (Fig. 6.39). 

6.5.3.5. Recharge basin 

The recharge basin aims to permit the infiltration of excess water conducted by buried pipes from 

the recharge wells. It has a shape of a truncated inverted pyramid with a square section, where 

the large base has a side of 10 m whereas the small one has a side of 4 m (Fig. 6.40). The depth is 

4.50 m. The infiltration basin is located in a part of wadi where there is no streamflow, in order to 
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protect it from the energy of the flow into the wadi that could destroy it. The basin is excavated by 

means an excavator for which the access to the bottom of the excavation has to be allowed 

through the realization of a ramp. On all infiltrating surface of the basin, the two superimposed 

layers described above for the recharge trenches and the recharge chambers are installed: 

 a layer composed by gravel of the wadi (particle size between 2 and 150 mm), with a thickness 

of 0.40 m; 

 the Passive Treatment System, with a total thickness of 0.90 m. 

6.5.3.6. Associated piezometers 

In order to monitor continuously the piezometric surface dynamics and to collect groundwater 

samples for chemical and isotopic analysis for the inféro-flux aquifer, and therefore to assess the 

effectiveness of the artificial recharge of this aquifer, in terms of quantity and quality, 6 associated 

piezometers are designed. Taking into account the groundwater flow direction, 3 piezometers are 

placed at 10, 20 and 30 m, respectively, downstream of the last recharge trench whereas the 

other piezometers are arranged, at the same distances, downstream of the infiltration basin (Fig. 

6.35). The expected depth is 50 m, so that the piezometers can completely penetrate the aquifer. 

The main technical specifications related to the realization of the piezometer are the following: 

 realization of a platform in concrete (4.0*4.5*0.2 m) centred in correspondence of the point 

where the piezometer is drilled; 

 drilling method: rotary by using bentonite as drilling fluid; 

 perforation diameter: 210 mm; 

 casing pipes in PE PN 20 with a diameter of 110 mm; 

 screen filters: in PE PN 20 with a diameter of 110 mm and horizontal slots (size 1-1.2 mm); 

screen length of 40 m; 

 gravel packing with fine silica gravel (diameter 2-4 mm); 

 well cementing along the casing pipe; 

 well development until the discharge water is clear and all fine material from the well and 

adjacent aquifer have been removed; 

 protection of the piezometer: cover with a suitable welded steel disc, locked with a padlock. 
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Figure 6.40. Sections of the dry well and the recharge basin 
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6.5.4. MAR systems design in Tunisia 

The design of the MAR systems in the study area in Tunisia includes 10 MAR systems to recharge 

the Triassic aquifer, consisting of recharge wells equipped with recharge chambers and 6 

associated piezometers. They are distributed in the 5 intervention sites (Fig. 6.41): 

 2 MAR systems and 2 associated piezometers in the wadi Hallouf (site 1); 

 3 MAR systems and 1 associated piezometer in the wadi Naggueb (site 2); 

 1 MAR system and 1 associated piezometer in the wadi Gattar (site 3); 

 3 MAR systems and 1 associated piezometer in the wadis Arniane and Megarine (site 4); 

 1 MAR system and 1 associated piezometer in the wadi Hajar (site 5). 

 
Figure 6.41. Location of the designed MAR systems and the associated piezometers in the Oum Zessar study area 
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6.5.4.1. Recharge well 

The recharge well is placed in the middle of the wadi, about 25 m upstream of an existing gabion 

check dam (Fig. 6.42) which usually retains the flooding water during rainy events creating a 

temporary pond. The recharge well, that is type injection borehole, allows to catch this surface 

water and inject it directly into the Triassic aquifer. The expected depth is 60 m, where the first 10 

m are represented by alluvial deposits and from 10 m to 60 m by Triassic sandstones (Fig. 6.43). 

This stratigraphic succession represents an estimation based on the geological and geophysical 

investigations, therefore it can be subjected to variations depending on local geological conditions. 

Furthermore, the depth of each well is defined also taking into account the piezometric levels of 

the Triassic aquifer.  

The main technical specifications related to the realization of the recharge well are the following: 

 drilling method: percussion or rotary-percussion (down-the-hole hammer DTH), in any case 

without the use of bentonite as drilling fluid; 

 perforation diameter: 350 mm; 

 casing pipes in PVC with a diameter of 250 mm; 

 screen filters: in PVC with a diameter of 250 mm and horizontal slots (size 1-1.2 mm); 

 screen length corresponds with the thickness of the Triassic sandstones. It must be added a 

length of 4.90 m: 2.90 m along the recharge chamber and 2.00 m above the ground level; 

 gravel packing with fine silica gravel (diameter 3-5 mm) from Nefta; 

 well development until the discharge water is clear and all fine material from the well and 

adjacent aquifer have been removed. 

In the upper part, the recharge well is equipped with an external filtrating “coating” in concrete to 

filter the recharge water that would enter directly into the well without crossing the recharge 

chamber (Fig. 6.43). It consists of concrete rings with a diameter of 2.00 m that can be precast or 

realized directly on site. Each ring has a length of 1.00 m, while the total length of the external 

coating is 3.80 m (1.80 m below the ground level and 2.00 m above of it). It is equipped with holes 

having a diameter of 0.10 m to allow the entry of the recharge water into the well. They are 

perforated according to an interval of 0.20 m along the vertical direction and 0.30 m along the 

horizontal. At the internal side of the coating, a wire mesh with a grid size of 1 mm is installed. The 

volume between the casing pipe and the external coating is filled with two layers that ensure the 

filtration of the recharge water: 
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 at the top, a layer composed by the same gravel used for gravel packing; 

 at the bottom, the Passive Treatment System. 

An anchoring system is designed for the external coating to avoid his shifting during the floods. It 

consists of 3 steel cables with a diameter of 20 mm that are fixed in the ground. 

6.5.4.2. Recharge chamber 

The recharge well is equipped with a recharge chamber to increase the effectiveness of the 

artificial recharge. It is a recharge trench with a rectangular section, realized by an excavator, 

centred in correspondence of the well, with the greater side arranged perpendicularly to the flow 

direction in the wadi (Fig. 6.42). In the design, the size of the recharge chamber is 10*20 m, but it 

can vary depending on the width of the wadi in the site where the chamber is realized. The depth 

of the trench is 2.90 m at the deepest point of the excavation, corresponding to the recharge well, 

and 2.20 m at the wall of the excavation (Fig. 6.43). This to ensure the needed slope to the bottom 

of the chamber. The bottom is not water-proofed to allow the percolation of water to the Triassic 

aquifer through the Quaternary alluvium, in order to increase the effectiveness of the recharge. 

These contributions arrive in a delayed time to the aquifer affected by artificial recharge in 

comparison to water that is injected directly through the recharge well. 

The recharge chamber is filled up to 0.40 m depth from the ground level with two superimposed 

layers which have the same functions mentioned before in the description of the designed MAR 

systems in Algeria. They consist of, from the bottom: 

 a layer composed by coarse sand, gravel and other materials of the wadi (particle size between 

1 and 150 mm), obtained by sieving of the excavated material. The thickness of this layer is 0.90 

m at the wall of the trench; 

 the Passive Treatment System, with a total thickness of 0.90 m. 
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Figure 6.42. General plan of the designed MAR system into the wadi bed (Tunisia)
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Figure 6.43. Section of the recharge well with the recharge chamber
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6.5.4.3. Associated piezometers 

The 6 associated piezometers are designed to create a monitoring network in order to assess the 

efficiency of the artificial recharge of the Triassic aquifer, both in terms of quantity and quality. 

This network is integrated by existing piezometers in order to have some monitoring point 

upstream and downstream of the MAR systems, respect to the groundwater flow direction, in 

each site. The expected depth for the designed piezometers is 60 m. 

The main technical specifications related to the realization of the piezometer are the following: 

 drilling method: rotary by using bentonite as drilling fluid; 

 perforation diameter: 210 mm; 

 casing pipes in PVC with a diameter of 100 mm; 

 screen filters: in PVC with a diameter of 100 mm and horizontal slots (size 1-1.2 mm); screen 

length of 8 m; 

 gravel packing with fine silica gravel (diameter 3-5 mm) from Nefta; 

 well cementing along the casing pipe; 

 well development until the discharge water is clear and all fine material from the well and 

adjacent aquifer have been removed; 

 protection of the piezometer: realization of a platform in concrete (1.5*1.5*0.2 m) centred in 

correspondence of the casing pipe; realization of a building (1.5*1.5*1.8 m) equipped with a 

lockable steel door. 

6.5.5. Potential recharge rate estimation 

The potential recharge rate (m3 year-1) for the Triassic aquifer in the Oum Zessar study area in 

Tunisia and for the inféro-flux aquifer in the wadi Biskra in Algeria, that would result by the 

implementation of the designed MAR systems, was estimated. This estimation is based on the 

following assumptions: 

1. a time period of 20 days per year was considered as useable for the recharge through the MAR 

systems in the wadis because, as reported by Yahyaoui (2007), this is the average number of 

days during which there is surface flow in the wadis; 

2. to estimate the potential recharge rate (Q) from the recharge trenches, the drainage pipes, the 

recharge basin and the recharge chambers, an average infiltration capacity for the infiltrating 

surface of 0.15 L s-1 m-2 (Dal Prà, 1989) was considered; 



213 
 

3. to calculate the potential recharge rate (Q) from the recharge wells, the formula of constant 

head permeameter (circular base) was considered:  

           

where K is the hydraulic conductivity (m s-1), d is the diameter of the recharge well (m) and h0 is 

the constant hydraulic head (m); 

4. according to the mean values of hydraulic conductivity K (m s-1) reported by Sedrati (2011) for 

the inféro-flux aquifer and by Yahyaoui (2007) for the Triassic aquifer, a K value of 10-3 m s-1 

was considered. 

The estimation of the potential recharge rate for the infèro-flux aquifer in the wadi Biskra in 

Algeria resulting by the different designed MAR systems is reported in Table 6.2. 

 

MAR systems Q (m
3 

year
-1

*) per unit Q (m
3 

year
-1

*) tot 

Recharge trenches 66,526 199,578 

Recharge wells (dry star well) 166,467 665,869 

Drainage pipes 97,667 390,666 

Recharge wells (dry well) 166,467 332,934 

Recharge basin 76,723 76,723 

TOT 1,665,771 

*the surface water in the wadis is considered available as recharge water for the MAR 
systems for 20 days per year 

 
Table 6.2. Estimation of the potential recharge rate for the inféro flux aquifer in the wadi Biskra resulting by the 
designed MAR systems  

 

The total potential recharge rate related to the designed MAR systems within the wadi Biskra is 

about 1.7 hm3 year-1. This estimation represents 33% of the water volume withdrawn yearly from 

the inféro-flux aquifer (about 5 hm3 year-1), as estimated by ANRH (2013) (see section 2.1.3). 

In Table 6.3 the estimation of the potential recharge rate for the Triassic aquifer in the Tunisian 

study area resulting by the designed recharge well and recharge chamber is reported. In this case 

another assumption was considered: only 30% of the percolating water from the not water-

proofed bottom of the recharge chamber, that arrives in a delayed time to the aquifer, reaches 

the Triassic aquifer. 
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Table 6.3. Estimation of the potential recharge rate for the Triassic aquifer resulting by the designed MAR systems in 
the Oum Zessar study area 

 

Considering that the designed MAR systems in Tunisia are modular, namely the same design is 

repeated one or more time in each intervention site, the estimations of the potential recharge 

rate for each site are reported in Table 6.4. Furthermore, in this table the estimations for the 

Triassic aquifer within each watershed (Koutine, Megarine-Arniane and Hajar) are indicated. 

 

Site N units Q (m
3 

year
-1

*) Watershed 
Q (m

3 
year

-1
*) per 

watershed 

1 2 234,365 
Koutine 585,913 

2 3 351,548 

3 1 117,183 
Megarine-Arniane 468,730 

4 3 351,548 

5 1 117,183 Hajar 117,183 

*the surface water in the wadis is considered available as recharge water for the MAR systems for 20 days 
per year 

 
Table 6.4. Estimation of the potential recharge rate for the Triassic aquifer for each site within each watershed 
(Koutine, Megarine-Arniane and Hajar) 

 

Finally, the estimated potential recharge rates related to the different watersheds can be 

compared to average yearly natural recharge of the same aquifer within the same watersheds that 

are resulted by the water budget estimation (see section 6.1.3). The results show that for the 

Koutine watershed the potential recharge rate (about 0.58 hm3 year-1) represents 18% of the 

yearly renewable resources for the Triassic aquifer (about 3.2 hm3 year-1); in the Megarine-Arniane 

watershed, it is about 0.47 hm3 year-1 and represents 52% of the natural recharge rate (about 0.9 

MAR systems  Q (m
3 

year
-1

*) per unit Q (m
3 

year
-1

*) tot 

Recharge wells (injection well)  97,667 976,670 

Recharge chambers  19,516 195,160 

TOT  1,171,825 

*the surface water in the wadis is considered available as recharge water for the MAR systems for 
20 days per year 
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hm3 year-1), whereas, for the Hajar watershed, it is about 0.12 hm3 year-1 which represents 32% of 

the renewable resources (about 0.3 hm3 year-1). 
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6.6. MAR systems realization 

Unfortunately, it was not possible to realize all the designed MAR systems in Algeria and in 

Tunisia, within the WADIS-MAR project, due to several constraints. The main problem was the 

scarce participation of the local companies to the several tenders that were launched by ANRH 

and IRA, although in different occasions some meetings with companies were organized to explain 

them the technical details of the MAR systems design and to stimulate their interest. However, in 

Algeria none local company participated to tenders. Instead, in Tunisia, after long bureaucratic 

procedures at regional and national level, a local company was charged with carry out the works. 

Unfortunately, the works started in March 2016 and they had to stop at the end of June 2016 

because the WADIS-MAR project was finished. For this reason, only 30% of the designed MAR 

systems were completed, precisely 3 recharge wells with the recharge chamber and 2 associated 

piezometers in the site 4 (wadis Megarine and Arniane) and in the site 5 (wadi Hajar) (Fig. 6.44).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.44. Location of the MAR systems and the associated piezometers realized in the site 4 (Megarine-Arniane) and 
in the site 5 (Hajar) 
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During these field activities, on the occasion of several technical missions in the intervention area, 

a technical-scientific support was provided to the charged company and to technicians of IRA and 

CRDA, as foreseen by the research activity plan of this PhD. This support was addressed especially 

to the realization of the recharge chambers, the preparation and installation of the Passive 

Treatment System.  

Recharge wells were drilled by percussion method with a diameter of 350 mm whereas the 

piezometers were drilled by rotary by using bentonite as drilling fluid, with a diameter of 210 mm. 

In Table 6.5, the depth of each borehole and the depth at which the Triassic formations were 

encountered are summarized. During the drilling, samples were collected at each 1 m in order to 

reconstruct the stratigraphic log of the borehole. As example, the stratigrafic log of the recharge 

well realized in the site 5 (Hajar) is shown in Fig. 6.45.  

 

 Site Depth (m) Depth Trias (m) 

MAR system Megarine 1 4 70 17 

MAR system Arniane 4 80 9 

PZ Megarine 4 83 18 

MAR system Hajar 5 75 8 

PZ Hajar 5 75 12 

 
Table 6.5. Summary of the depth of each borehole and the depth at which the Triassic formations were encountered. 

 

 

PVC PN10 tubes were used for the casing pipes installation (Fig. 6.46a). Screen filters in PVC with 

horizontal slots (size 1-1.2 mm) and diameter of 250 mm (Fig. 6.46b) were installed in the recharge 

wells, in correspondence of the Triassic formations. In the case of the piezometers, the screen 

filters were in PVC with a diameter of 100 mm and they were installed for a length of 8 m (from 71 

to 79 m b.g.l.) in the PZ Megarine (Site 4) and for a length of 11 m (from 60 to 71 m b.g.l.) in the PZ 

Hajar (Site 5 Hajar). In all boreholes, gravel packing was realized with gravel from Nefta, 3-5 mm in 

diameter (Fig. 6.47). 
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Figure 6.45. Stratigraphic log of the recharge well realized in the site 5 (Hajar) (from WADIS-MAR, 2016) 
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Figure 6.46. Installation of casing pipes in the recharge well (a) and particular of the screen filters (b)  

 

 

 

 

 

 

 

 

 

 

Figure 6.47. Gravel packing in the recharge well 

 

The recharge chambers were excavated by an excavator according to the designed dimensions, 

above mentioned in section 6.5.4 (Fig 6.48a,b). 

a b 
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Figure 6.48. Excavation of the recharge chamber 

 

The reactive layer of the Passive Treatment System was prepared close to the recharge chamber 

through the mixture of inert materials (gravel and sand), crushed palm leaves, clay and iron oxides 

(Fig. 6.49). 

 

 

 

 

 

 

 

 
 
Figure 6.49. Preparation of the mixture for the reactive layer of the Passive Treatment System 

 

The palm leaves were cut manually up to reach pieces-dimension of 15-20 cm (Fig. 6.50a,b). As the 

local gravel in situ was not sufficient, the enterprise was obliged to bring additional quantities 

from neighboring areas. Once an homogeneous mixture was obtained for the reactive layer, the 

Passive Treatment System was installed into the recharge chamber (Fig. 6.51).  

 

a b 
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Figure 6.50. Manual cutting of the palm tree leaves (a) and particular of the pieces-dimension (b) 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.51. Installation of the Passive Treatment System into the recharge chamber 

 

The external filtrating “coating” in the upper part of the recharge wells was realized with some 

differences respect to the design. According to the design, it had to be realized with precast 

concrete rings of 2.00 m in diameter for a total height of about 4.00 m. As these materials were 

not available in the local market in the Médenine region, and also taking into account the very 

short time to complete the works, the coating structure was built with a square section (2.00*2.00 

m) with 4.00 m height (2.00 m below and 2.00 m above the surface), starting from the bottom of 

the recharge chamber by using filled blocks of concrete and leaving openings of 100 cm2. Then, 

the internal volume was filled with sieved gravel of 3-5 mm in diameter (Fig. 6.52a,b). 

a b 



222 
 

 
Figure 6.52. External filtrating “coating” in the upper part of the recharge well (a) and internal volume filled with 

gravel (b) 

 

The 3 MAR systems and 2 associated piezometers were completed at the end of June 2016. As 

example, in Fig. 6.53 and Fig. 6.54 the MAR system in the wadi Hajar (Site 5) and the MAR system 

Megarine 1 (Site 4) are shown, respectively, whereas in Fig. 6.55 the PZ Hajar (Site 5) is illustrated. 

Due to the delay in the MAR systems implementation, it was not possible to evaluate their 

efficiency within this PhD research activity. However, all recharge wells and piezometers have 

been equipped with sensors for the continuous monitoring of the piezometric levels of the Triassic 

aquifer. 

 

 

 

 

 

 

 

 

 

Figure 6.53. MAR system in the wadi Hajar (Site 5)  

a b 
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Figure 6.54. MAR system Megarine 1 (Site 4) 

 

The groundwater sampling before, during and after each recharge event is foreseen and it will be 

carried out by IRA’s technicians, whereas the chemical and isotopical analysis will be carried out at 

the University of Barcelona. Unfortunately, no streamflow has been recorded so far in the wadis 

where the MAR systems are located, so there are no data available to evaluate their effectiveness. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.55. PZ Hajar (Site 5)
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7. CONCLUSIONS 

According to the definition of desertification adopted by UNCCD (UNEP, 1994), water resources 

deterioration, in terms of both quality and quantity, represents a key indicator of desertification 

processes, as it negatively affects the development of all life forms and anthropic organizations of 

a land. In arid and semi-arid regions, such as that of the Mediterranean area, desertification and 

water scarcity conditions can be tackled by using a holistic approach to water management such 

as that one introduced recently by the Integrated Water Resources Management (IWRM). 

Within this framework, the stress on water resources can be faced through innovative water 

resources management response strategies and technologies. Among these, the Managed Aquifer 

Recharge (MAR) techniques represent an useful mitigation tool in IWRM to increase the 

availability of groundwater resources (not only in space (volume) but also in time (recharge cycle)) 

and improve its sustainability and quality. Managed aquifer recharge is expected to become 

increasingly necessary in the future as growing populations require more water, and as more 

storage of water is needed to save it in times of water surplus and use it in times of water 

shortage. In the last decades, the use of MAR techniques has continuously increased all around 

the world: in Europe, where The Netherlands, Belgium, Germany and Spain can be considered as 

MAR hot spot regions, but also in Australia, in USA, in India, in some African countries and in the 

Middle East. The most recent classification of MAR techniques includes 25 different devices 

grouped in 6 classes which have been realized all around the world (DINA-MAR, 2010; MARSOL, 

2014). In Italy, some MAR experiences were carried out in Tuscany, Veneto, Friuli Venezia Giulia 

and also in Sardinia. Until few months ago, there was no ad hoc legislation on MAR systems. But 

the growing interest on MAR is shown by the introduction, in May 2016, of the Ministerial Decree 

N. 100/2016 of the Ministry of the Environment in the Italian legislation which establishes the 

criteria for the authorisation for the augmentation of groundwater bodies through MAR 

interventions. 

In order to disseminate MAR as a possible solution in IWRM issues, starting from the experience of 

some international projects, such as DINA-MAR (DINA-MAR, 2010) and MARSOL (MARSOL, 2014), 

with the support of the International Association of Hydrogeologists (IAH), a global network on 

MAR is being developed, including progressively the various experiences on the MAR systems 

implementation in all the world, such as that one of the WADIS-MAR project. This network aims at 

raising awareness on the advantages and disadvantages of the MAR technique, to support 
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initiatives and promote technical support, dissemination and transfer of technology, with a 

particular focus on developing countries. Through a dissemination strategy, some key messages 

are addressed to target groups at different level: (i) MAR is a feasible, cheap and simple solution to 

alleviate the problem of the lack of water; (ii) MAR is a technique with low environmental impact 

and which alleviates the effects of climate change; (iii) MAR is a supply solution for the future and 

(iv) it shows that another method of storage is possible. 

This PhD research is inserted within WADIS-MAR “Water harvesting and Agricultural techniques in 

Dry lands: an Integrated and Sustainable model in MAghreb Regions” Project (2011-2016) 

(www.wadismar.eu), funded by the European Commission and implemented in the framework of 

the SWIM Programme. The partnership was composed of (NRD- UNISS) (Italy), UB (Spain), IRA 

(Tunisia), OSS (Tunisia) and ANRH (Algeria). The overall objective of WADIS-MAR was to improve 

living standards of the rural population in arid and semi-arid areas of Maghreb region in which an 

increasing of water scarcity contributes ongoing desertification processes. In particular, it aimed at 

increasing groundwater availability through an integrated water harvesting and managed aquifer 

recharge system in two watersheds in Maghreb Region: Wadi Biskra in Algeria and Oum Zessar in 

Tunisia. 

The main result of this PhD research is the development of a methodology which defines, through 

an interdisciplinary approach, guidelines for the design and implementation of integrated and 

innovative MAR systems (see workflow and details in chapter 4). This methodology was tested in 

the two study areas in Algeria and in Tunisia. It represents an useful tool that can be applied in 

arid and semi-arid environments in that cases where MAR is considered a possible solution to the 

existing water resources issues at local level within IWRM. The application of this methodology 

requires the integration of the different components of the water resources system (WRS), 

especially in order to create the baseline knowledge at local level necessary to design the MAR 

systems. This is possible only through a strongly interdisciplinary approach. For this reason, in 

order to test this methodology in the Algerian and Tunisian study areas, it was essential to involve 

the interdisciplinary research group of the WADIS-MAR project that includes several expertise on 

hydrology, geology, hydrogeology and hydrogeochemistry. 

In the context of the arid and semi-arid regions of Maghreb and more in general in developing 

countries, a methodology as that proposed in this research can be complex to apply due to the 

difficulties in data collection. For the wadi Biskra watershed in Algeria, it was not possible to 
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estimate the water budget because of the lack of a sufficient number of quality data to use as 

input in the hydrological modeling, but also for the application of empirical, indirect methods. In 

the Tunisian case study, due to several constraints occurred in collecting data for hydrological 

modeling, after an initial attempt to implement SWAT (Soil and Water Assessment Tool) model, a 

less refined approach was developed by using a physiography-based indirect method for 

determining the runoff coefficient and the water budget at watershed-scale for three watersheds 

(Koutine, Megarine-Arniane and Hajar) delineated within the study area. This empirical, indirect 

method allows the evaluation of a watershed runoff coefficient based on several physiographical 

parameters, such as slope, land cover, permeability, and climatic conditions, without requiring 

expensive instrumental measurements. In these arid environments, rainfalls are concentrated in a 

few days and often, only after short intervals but intense events, rainfall can exceed 

evapotranspiration, even greatly, leading to runoff and recharging the aquifers. For this reason, in 

order to estimate the natural recharge of aquifers, the water budget components were estimated 

for each sub-basin of each watershed (the same sub-basins delineated for the SWAT model setup) 

on a daily basis, over a 10-year period (2003-2012). A simplified water balance model was applied 

on a daily time scale basis, through an agronomic approach, modifying the model proposed by 

Allen et al (2006) (FAO Paper 56) that considers effective infiltration Ie as part of the surplus from 

water storage in the soil. For this purpose, some approximations were necessary: climate data 

(daily precipitation and mean temperature data) of the Médenine weather station were 

considered for the whole area, as they are the only available measured data on daily time steps; a 

mean value of Available Water Content (AWC) of the soils and a mean value of runoff coefficient 

Ck were used for each sub-basin. Despite these simplifications, an outcome emerged very clearly: 

the sub-basins, that are characterized by average AWC values greater than 150 mm, didn’t 

contribute to runoff and effective infiltration during the reference period. They are covered mainly 

by the “artificial” soils of tabias and jessour, the traditional water harvesting structures that are 

widespread in SE Tunisia. These soils are deep (1 or 2 m), characterized by high AWC values (122 

and 301 mm, respectively), and only very intense rainfall events can saturate them and generate a 

water surplus, especially after dry periods. Conversely, the sub-basins, covered by shallow soils 

(depth between 0.20 and 0.40 m) and characterized by average AWC values less than 50 mm, are 

those that produced the greatest contributions to the effective infiltration. This result emphasizes 

the delicate issue of the balance between the diffusion of the traditional water harvesting 

systems, that have the primary function of promoting the water storage in the soil for agricultural 
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purposes and the need to ensure an adequate natural recharge for aquifers. For this assessment it 

is essential a more refined approach by means the implementation of models that are not only 

hydrological or agronomic models but rather Decision Support Systems. For this purpose, SWAT 

model can be considered an useful tool as it simulates processes at watershed scale on daily time 

steps and includes different components such as hydrology, weather, soil erosion, plant growth, 

land management and groundwater. Unfortunately, at the moment, there are not the 

prerequisites for the implementation of the SWAT model in the Oum Zessar study area in Tunisia 

due to a lack of a sufficient number of weather stations to provide climate data (at least thirty-

year series) on a daily basis as input data and flow measured data for calibration and validation. To 

overcome these shortcomings, it would be appropriate to increase the number of weather 

stations (at least 5-6) distributed over the entire area. For this purpose, the network of weather 

stations managed by IRA, which at the moment provide a maximum 10-year series of climate data, 

should be integrated. Concerning flow measured data, it should be necessary to realize at least 

three stream gauge stations, one for each basin. As suggestion, the station in the wadi Koutine 

could be restored and other two could be realized at the outline of the Megarine-Arniane and 

Hajar watersheds: the former on the wadi at the bridge on the road Koutine-Médenine; the 

second one at the bridge in the city of Médenine. These gauge stations could be equipped to 

measure also the solid transport in order to obtain measured data related to sediment loads for 

the calibration of the soil erosion component in SWAT. This would be useful to estimate the 

amount of sediments that could be responsible of the physical clogging processes at each MAR 

system. 

Concerning the natural aquifer recharge estimation in the Tunisian study area the estimates were 

obtained considering the watersheds and not the hydrogeological basins. This choice was dictated 

by the fact that a more detailed geological and hydrogeological study of the area is needed in 

order to delineate the hydrogeological basins. However, as highlighted by the 3D hydrogeological 

model reconstruction, the tectonic structures in the area affect significantly groundwater flows, 

therefore it is very likely that watersheds and hydrogeological basins do not coincide. A further 

confirmation of this, it comes from the results of the isotopic characterization of groundwater: 

both the Triassic and Jurassic aquifers are characterized by Tritium concentrations that indicate a 

mixing between recent and old waters. This could mean a mixing of recently infiltrating water with 

groundwater characterized by a greater residence time due to the distance of the recharge areas. 
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The application of the proposed methodology led to design integrated and innovative MAR 

systems for the recharge of the inféro-flux aquifer and the Triassic aquifer in the wadi Biskra and in 

the Oum Zessar area, respectively. Once again, it is appropriate to point out that the achievement 

of this result was only possible through an interdisciplinary approach with the contribution of all 

expertise within the research group of WADIS-MAR project. The potential impacts of the designed 

MAR systems on the two target aquifers were assessed by estimating the total annual potential 

recharge rate (m3 year-1). For the inféro-flux aquifer in the wadi Biskra, this estimation amounts to 

about 1.7 hm3 year-1 that represents 33% of the water volume withdrawn yearly, namely about 5 

hm3 year-1 (ANRH, 2013). This means that tripling the number of these MAR systems, with a 

construction cost that would amount just over 1 million €, it could potentially compensate the 

average annual withdrawals from this aquifer, by solving practically the longstanding problem of 

its overexploitation. In Tunisia, the estimated potential recharge rate for the Triassic aquifer 

amounts to about to 1.2 hm3 year-1 that represents 26% of the yearly renewable resources 

estimated for this aquifer (about 4.5 hm3 year-1). 

An innovative aspect of the designed MAR systems is the Passive Treatment System installed 

within each recharge facility to improve the recharge water quality and reduce the clogging 

processes at the infiltrating surface. In order to identify the best compost to be used in the 

mixture of the reactive layer, laboratory tests were carried out by MAG-UB research group at the 

University of Barcelona on two low-cost materials: commercial compost and palm tree leaves. 

Both the two materials showed that they can efficiently promote denitrification, even after dry 

periods, but palm tree leaves gave higher denitrification rates and yield. This material, that is a 

short-term efficient organic substrate, is more suitable in arid climates. Furthermore, the palm is a 

cheap and easily available material in Maghreb region. Nevertheless, this substrate showed an 

initial ammonium release and a higher transient nitrite accumulation. Therefore, it will be 

necessary to assess the impact of ammonium, after implementation of the palm substrate on the 

field, although this may be limited by the bedrock materials (i.e. by the presence of clay minerals). 

Unfortunately, this kind of assessments in addition to the assessment of the MAR systems 

efficiency, in terms of both quality and quantity, were not possible nor in Algeria nor in Tunisia, for 

different reasons. In Algeria, the designed MAR systems were not realized, whereas in Tunisia 

works were concluded in June 2016, at the end of the WADIS-MAR project, and only 30% of the 

designed MAR systems were completed. However, all recharge wells and piezometers have been 
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equipped with sensors for the continuous monitoring of the piezometric levels of the Triassic 

aquifer to determine the volume of water artificially recharged to the aquifer and the aquifer 

response to recharge. IRA’s technicians will carry out groundwater samplings for chemical and 

isotopic analyses as soon as streamflow occur in the wadis where the MAR systems are located. 

Concerning the assessment of MAR systems efficiency, it is important to point out that this 

evaluation should not be related only to the hydrogeological and hydro-chemical aspects. It should 

be also taken into account the economic factor that includes, for example, the assessments on the 

implementation and maintenance costs of the MAR systems in comparison to their impact on 

aquifers and more in general on benefits that produce on end-users. 

In conclusion, follow-up and developments of this research could be implemented, not only in 

Tunisia and Algeria, but also in other arid and semi-arid regions in the Mediterranean area, both in 

the short and in the long term. In the short term, the Tunisian and Algerian partners of WADIS-

MAR, who were actively involved in all phases of research, should be able to replicate the 

application of this methodology or at least they could activate all collaborations to involve the 

expertise that is required to achieve certain results. In Algeria, although the designed MAR 

systems were not realized, ANRH was provided with a final design containing all the technical 

details to allow them to implement the works in a few days. In Tunisia, IRA’s technicians and also 

those of the CRDA were supported during the execution of works, especially in implementing the 

most innovative aspects of the designed MAR systems. This field training made them more 

autonomous and will permit them to complete the remaining works if they find available funds.  

In the long term, conditions for the application of this methodology in similar contexts in other 

regions of the Mediterranean area could be created. For this purpose, it is essential to implement 

intensive capacity building activities addressed to managers, technicians and officials at different 

levels of public institutions and companies that are involved in water management. This training 

activity, that should not be only theoretical but also practical (training on the job) should aim to 

disseminate all aspects related to Managed Aquifer Recharge in the framework of IWRM. It should 

convey, especially, the message that in order to achieve a correct design and implementation of 

MAR systems an interdisciplinary approach involving a working group which includes different 

kinds of expertise is needed. 
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APPENDIX 
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Sample type Site name Daira Municipality Site Long_dec Lat_dec 

Altitude 
(m) 

Well_Depth 
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ld
1

 –
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 2

0
1

2
 

WA-01 6/3/2012 GW F:01 - Fort Turk 2 Biskra Biskra Fort Turk 1 5.7383 34.8831 134 40 Quaternary 

WA-02 6/3/2012 GW Troudi Mohamed Djamourah Branis Chica 5.7581 34.9433 220 110 Mio-Pliocene 

WA-03 6/3/2012 GW Residence Waly Biskra Biskra Biskra 5.7350 34.8439 108 110 Plio - Quaternary 

WA-04 6/3/2012 GW SIF nº 4  Biskra Biskra  
 

5.7428 34.8861 140 50 Quaternary 

WA-05 6/3/2012 GW SIF nº 5 Biskra Biskra 
 

5.7422 34.8839 152 40 Quaternary 

WA-06 6/3/2012 GW SIF nº06 bis Biskra Biskra 
 

5.7397 34.8825 135 40 Quaternary 

WA-07 6/3/2012 GW Hotel des Ziban (Hotel des Ziban) 
 

Biskra 
 

5.7358 34.8419 105 110 Quaternary 

WA-08 6/4/2012 GW Forage Daira Djamourah Djamourah Daira 5.8497 35.0689 550 298 Maastrichtian 

WA-09 6/4/2012 GW Skhoune - Forage Forêt (Proprietary: Forêts) El Kantara El Kantara El Kantara 5.7339 35.2814 608 300 Turonian 

WA-10 6/3/2012 GW Estacion Malaga Biskra Branis 
 

5.6808 34.9222 186 70 Quaternary 

WA-11 6/3/2012 GW Djenane Boukhalfa Biskra Biskra Djenane Boukhalfa 5.7417 34.8469 100 130 Quaternary 

WA-12 6/3/2012 GW Forage Clomplex Sportif  Biskra Biskra  
 

5.7367 34.8422 105 150 Quaternary 

WA-13 6/3/2012 GW Daghnouche Djamourah Branis Chica 5.7606 34.9408 110 110 Mio-Pliocene 

WA-14 6/4/2012 GW Forage 5 Julliet AEP El Kantara El Kantara El Kantara 5.7147 35.2325 580 438 Maastrichtian 

WA-15 6/4/2012 GW (Forage) ENASEL Salt Factory El Outaya El Outaya 
 

5.6017 35.0292 253 200 Mio-Pliocene 

WA-50 6/4/2012 SW Barrage Fontaine des Gazelles Biskra El Outaya 
 

5.5802 35.1241 
  

SW 

WA-51 6/4/2012 SW Village rouge piscine (El Khantara) [L'Oueed el hai ] 
   

5.7030 35.2304 
  

SW 
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 2
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WA-16 5/13/2013 SP (thermal) Source Hamam Sidi El Hadj El Outaya El Outaya H.S. El Hasj 5.6248 35.1016 
 

0 Albo-Barremian (C.I.) 

WA-17 5/13/2013 GW Forage Fontaine des Gazelles Djamourah Djamourah F.GAZELLES 5.6369 35.1433 437 400 Maastrichtian 

WA-18 5/13/2013 GW (thermal) thermal water well - Hammam Salhine Biskra Biskra/El Hadjeb  5.6694 34.8803 
  

Albo-Barremian (C.I.) 

WA-19 5/13/2013 GW (thermal) thermal water well - Albien El Hadjeb Biskra  El Hadjeb  Hamame El Hadjeb 5.5950 34.7944 110 2413 Albo-Barremian (C.I.) 

WA-20 5/13/2013 GW DROH  Transfert nº 05 (AEP) Sidi Obka Chetma Biskra 5.9058 34.8856 212 285 Lower Eocene - Maastric 

WA-21 5/13/2013 GW Boussoudenne3 Sidi Obka Chetma Bir Bou Soudene 5.8339 34.8544 101 138 Mio-Pliocene 

WA-22 5/14/2013 GW Feliache INPV Biskra Biskra 
 

5.7697 34.8239 90 100 Mio-Pliocene 

WA-23 5/14/2013 GW Rezgui Houcine Biskra Biskra Mesdour 5.7589 34.7989 90 200 Mio-Pliocene 

WA-24 5/14/2013 GW Ghozaiel El Outaya El Outaya Dris Amor 5.6489 34.9575 212 170 Mio-Pliocene 

WA-25 5/14/2013 GW route Tolga 1 (ADE) 
   

5.7025 34.8414 110 300 Turonian 

WA-26 5/14/2013 GW Stah Zemrir Biskra  El Hadjeb  Aon Ben Naoui 5.6325 34.7892 113 650 Senonian 

WA-27 5/14/2013 GW ADE Tolga Tolga Tolga Khenizene 5.4158 34.7931 200 196 Eocene inf  

WA-28 5/15/2013 GW Forage GCA El Outaya El Outaya Koudiet Djedid 5.5661 35.0281 255 300 Mio-Pliocene 

WA-29 5/15/2013 GW Forage GCA El Kantara El Kantara 
 

5.6908 35.2533 635 435 Turonian 

WA-30 5/15/2013 GW APC El Kantara Aïn Zaâtout Tizi 5.8578 35.1411 982 173 Maastrichtian 

WA-31 5/15/2013 GW Taref El Magsem Djamourah Djamourah Taref El Magsem 5.8495 35.0694 468 90 Turonian 

WA-32 5/15/2013 GW Guedila (in a open channel) Djamourah Djamourah Guedila 5.7925 35.0739 520 250 Maastrichtian 

WA-33 5/15/2013 GW Guedila station - mineral water (bottle) Djamourah Djamourah Guedila 5.7925 35.0739 520 250 Maastrichtian 
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WA-01 3/2/2014 GW F:01 - Fort Turk 2 Biskra Biskra Fort Turk 1 5.7383 34.8831 134 40 Quaternary 
WA-06 3/2/2014 GW SIF nº06 bis Biskra Biskra 

 
5.7397 34.8825 135 40 Quaternary 

WA-07 3/2/2014 GW Hotel des Ziban (Hotel des Ziban) 
 

Biskra 
 

5.7358 34.8419 105 110 Quaternary 
WA-10 3/5/2014 GW Estacion Malaga Biskra Branis 

 
5.6808 34.9222 186 70 Quaternary 

WA-11 3/3/2014 GW Djenane Boukhalfa Biskra Biskra Djenane Boukhalfa 5.7417 34.8469 100 130 Quaternary 
WA-12 3/2/2014 GW Forage Clomplex Sportif  Biskra Biskra  

 
5.7367 34.8422 105 150 Quaternary 

WA-14bis 3/4/2014 GW close to WA-14 El Kantara El Kantara 
 

5.7099 35.2314 580 
 

Maastrichtian 
WA-15 3/4/2014 GW (Forage) ENASEL Salt Factory El Outaya El Outaya 

 
5.6017 35.0292 253 200 Mio-Pliocene 

WA-16 3/4/2014 SP (thermal) Source Hamam Sidi El Hadj El Outaya El Outaya H.S. El Hasj 5.6248 35.1016 
 

0 Albo-Barremian (C.I.) 
WA-17 3/4/2014 GW Forage Fontaine des Gazelles Djamourah Djamourah F.GAZELLES 5.6369 35.1433 437 400 Maeistrichien 
WA-18 3/5/2014 GW thermal water well - Hammam Salhine Biskra Biskra/El Hadjeb 

 
5.6694 34.8803 

  
Albo-Barremian (C.I.) 
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WA-20 3/5/2014 GW DROH  Transfert nº 05 (AEP) Sidi Obka Chetma Biskra 5.9058 34.8856 212 285 Lower Eocene - Maastric 
WA-24 3/5/2014 GW Ghozaiel El Outaya El Outaya Dris Amor 5.6489 34.9575 212 170 Mio-Pliocene 
WA-25 3/5/2014 GW route Tolga 1 (ADE) 

   
5.7025 34.8414 110 300 Turonian 

WA-29 3/4/2014 GW Forage GCA El Kantara El Kantara 
 

5.6908 35.2533 635 435 Turonian 
WA-33 3/2/2014 GW Guedila station - mineral water (bottle) Djamourah Djamourah Guedila 5.7925 35.0739 520 250 Maastrichtian 
WA-35 3/5/2014 GW For Turk (sample at piezom. level) Biskra Biskra oued Biskra 5.7347 34.8800 134 40 Quaternary 

 WA-36 3/5/2014 GW For Turk (sample at 48m depth) Biskra Biskra oued Biskra 5.7350 34.8803 134 60 Quaternary 
 WA-50 3/4/2014 SW Barrage Fontaine des Gazelles Biskra El Outaya 

 
5.5802 35.1241 

  
SW 

 WA-53 3/4/2014 SW Oued Branis  Djamourah Branis oued Branis 5.7758 35.0007 
  

SW 

 WA-54 
march 
2014 

SW Oued Biskra - Eau de la crue Biskra Biskra oued Biskra 5.7384 34.8786 
  

SW 

 WA-34 3/5/2014 SP source de Chetma (sampling in an open channel) sidi okba chetma chetma 5.8150 34.8625 
 

0 Albo-Barremién (C.I.) 
 WA-RAIN2  3/2/2014 RAIN rain Biskra Biskra Biskra 

 
5.7383 34.8831 

  
RAIN 

 
Table A.1. Control point name, coordinates and other details related to the 57 water samples collected at the Biskra study area (GW = groundwater; SW = surface water; SP = 
spring) for chemical and multi-isotopic characterization in June 2012, May 2013 and March 2014. The rainwater sample collected in March 2014 only for the analysis of the 
stable isotopes of water has been also included in the Table. The different colors represent the different aquifer units (modified from WADIS-MAR, 2016) 

 

 

ID_WM  
Sampling 

Date 
Sample type Daira Municipality Site Long_dec Lat_dec 

SAL ALGERIA 6/1/2012 Salt with gypsum from the ENASEL salt factory (Triassic diapir) 
     

GUIX ALGERIA 6/1/2012 Fibrous gypsum 
     

WA-soil 2 5/14/2013 Saline soil (Sud of Biskra) 
   

5.6663 34.7148 

WA-18-guix 5/13/2013 Gypsum crystals from the ground Biskra Biskra/El Hadjeb 
 

5.6694 34.8803 

WA-18-sal 5/13/2013 Salt precipitates from the soil  Biskra Biskra/El Hadjeb 
 

5.6694 34.8803 

WA-26-1 5/14/2013 
  

Oumache Stah Zemrir 5.6325 34.7892 

WA-26-2 5/14/2013 Gypsum 
 

Oumache Stah Zemrir 5.6325 34.7892 

WA-29-A 5/15/2013 Gypsum (sedimentary, granular type) El Kantara El Kantara 
 

5.6908 35.2533 

WA-29-B 5/15/2013 Gypsum (sedimentary, granular type) El Kantara El Kantara 
 

5.6908 35.2533 

WA-29-C 5/15/2013 Gypsum (sedimentary, granular type) El Kantara El Kantara 
 

5.6908 35.2533 

WA-35-clay 3/5/2014 Clay for the reactive layer. Collected inside the Wadis Biskra Biskra Biskra 
 

5.7347 34.8800 

WA-14 a+b 3/4/2014 Gypsum of 2 types ("a" and "b"). Their mix will be analysed 
   

5.7099 35.2314 

WA-14 c 3/4/2014 Gypsum 
   

5.7099 35.2314 

WA-35-ANH 3/5/2014 Anhydrite nodule. Quaternary pebble collected inside the Wadis Biskra Biskra Biskra 
 

5.7347 34.8800 

 
Table A.2. Identification names, type, coordinates and other details related to the 14 solid samples collected at the Biskra study area (modified from WADIS-MAR, 2016) 
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Field 

campaign 
ID_WM 

Sampling 
Date 

Sample type Site name Daira Municipality X_UTM Y_UTM 
Altitude 

(m) 
Well_Depth 

(m bsl) 
Aquifer 

Fi
e

ld
1

 –
 J

a
n

u
ar

y 
20

1
2

 

WT-04 1/17/2013 GW BÚchir B. Med Chandoul Medenine Sud Boughrara 653866 3714286 66.53 27 MPQ of the Jeffara 

WT-09 1/17/2013 GW CRDA (PPI) Sidi Makhlouf Tmassent 656711 3729705 48.31 nd Mio-Pliocene of the Jeffara (Vindobonian sands) 

WT-12 1/16/2013 GW Noureddine Rojbani Medenine Nord Rte BÚni Khedache 625735 3686469 199.62 88 Triassic sandstone 

WT-15 1/15/2013 GW CRDA (Bir Hjar) Medenine Nord Bagbague 634997 3679472 192.28 150 Triassic sandstone 

WT-17 1/17/2013 GW Said Abdelli Medenine Nord Koutine 624475 3702766 175.47 100 ZK Jurassic 

WT-19 1/17/2013 GW Dahou Mhemed Sidi Makhlouf Ragouba East 633750 3703577 128.52 57 MPQ of the Jeffara 

WT-22 1/17/2013 GW Khalifa B. Ltaief Hajjeji Sidi Makhlouf Bedoui (El Etha) 644427 3706368 nd 20 MPQ of the Jeffara 

WT-24 1/17/2013 GW Med B. Amor Hamdi Sidi Makhlouf Magraouia 649059 3723230 61.96 18 MPQ of the Jeffara 

WT-33 1/15/2013 GW Hezma 4 Medenine Sud Hezma 4 638395 3680517 186.57 370 Triassic sandstone 

WT-34 1/15/2013 GW Hezma 2 Medenine Sud Hezma 2 640043 3679239 186.4 377 Triassic sandstone (Nappe Fossile) 

WT-46 1/17/2013 GW(artesian) Aquaculture Tunisie (artesian) Medenine Sud Jorf 661153 3725848 62.52 300 Mio-Pliocene of the Jeffara (Vindobonian sands) 

WT-56 1/15/2013 GW Anis Mohamed Medenine Nord Balouta 625825 3694830 191.83 107 Triassic sandstone 

WT-65 1/15/2013 GW Habib Dbira Medenine Nord Metameur 629937 3693824 179.48 50 Triassic sandstone 

WT-69 1/16/2013 GW CRDA (Bir Soltane) Douz Bir Soltane 566170 3682980 237.55 10 Quaternary (Sahara) 

WT-70 1/16/2013 GW(artesian) Ain Skhoun (artesian  hot) Douz Liwat El Kernef 571472 3661926 305.78 nd Continental Intercalary 

WT-71 1/16/2013 GW Bir Zridib (CRDA) Béni Khedache Zridib 587663 3662256 341.38 nd Cretaceous 

WT-72 1/16/2013 GW Bir Bhira (CRDA) Béni Khedache Bhira 599060 3665792 384.16 nd Jurassic of Beni Khedache 

WT-73 1/16/2013 GW Med Almoujahed Béni Khedache Khchim El Kalb 607959 3671534 442.55 140 Continental Intercalary 

WT-74 1/16/2013 GW Ahmed El Fahem Béni Khedache Medhar 602428 3690850 466.71 nd Jurassic of Beni Khedache 

Fi
el

d
2 

– 
Ja

n
u

ar
y 

20
14

 

WT-08 1/22/2014 GW Moncef Chamekh Béni Khedache Chouamekh 616810 3695395 226.071 nd Triassic sandstone 

WT-17 1/23/2014 GW Said Abdelli Medenine Nord Koutine 624475 3702766 175.47 100 ZK Jurassic 

WT-33 1/21/2014 GW Hezma 4 Medenine Sud Hezma 4 638395 3680517 186.57 370 Triassic sandstone 

WT-34 1/21/2014 GW Hezma 2 Medenine Sud Hezma 2 640043 3679239 186.4 377 Triassic sandstone 

WT-35 1/22/2014 GW 
Abdallah Bengacem (Hrarza) (potential 
WM-recharge area: Naggueb) 

Medenine Nord Koutine 626006 3698586 112 <50 Triassic sandstone 

WT-36 1/22/2014 GW Sonede Medenine Nord Hmaima 618341 3694122 180 180 Triassic sandstone 

WT-37 1/22/2014 GW Association des indicappés  Medenine Nord Ben Gzayel 631014 3686777 nd 95 Triassic sandstone 

WT-38 1/22/2014 GW Lofti (Harazi) Medenine Nord Ben Gzayel 628708 3687032 130 120 Triassic sandstone 

WT-39 1/23/2014 GW Ahmed Mhendi Medenine Nord Ben Gzayel 635144 3684609 185.73 84 Triassic sandstone 

WT-40 1/23/2014 GW Hospital Medenine Sud Echrayha 638394 3689120 nd nd Triassic sandstone 

WT-41 1/23/2014 GW 
Jektiss, planta embotelladora agua 
mineral 

Medenine Nord Koutine 628102 3702038 nd nd ZK Jurassic 

WT-55 1/21/2014 GW 
Hedi Brini (potential WM-recharge 
area: Hallouf) 

Béni Khedache Ksar Hallouf (oasi) 607368 3684354 434.18 7 Quaternary (shallow alluvial aquifer) 

WT-56 1/21/2014 GW Anis Mohamed Medenine Nord Balouta 625825 3694830 191.83 107 Triassic sandstone 

WT-73 1/21/2014 GW Med Almoujahed Béni Khedache Khchim El Kalb 607959 3671534 442.55 140 Continental Intercalary 

WT-oued jan-apr2014 SW 
Wadis (Oued or River) water - Bhaira 
site   

614547 3687015 nd 
 

SW 

 
Table A.3. Control point name, coordinates and other details related to the 34 water samples collected at the Oum Zessar study area (GW = groundwater; SW = surface water; 
SP = spring) for chemical and multi-isotopic characterization in January 2013 and January 2014. The different colors represent the different aquifer units (modified from WADIS-
MAR, 2016)  
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ID_WM Sampling date Sample type X_UTM Y_UTM 

WT-17 lamb 1/17/2013 Lamb manure 624475 3702766 

WT-17 fert 1/17/2013 Fertilizer NH4NO3 624475 3702766 

WT-70 
precipit 

1/16/2013 Precipitate 571472 3661926 

WT-RD 1/16/2013 
Gypsum (desert 
rose)   

WT-SD-1 1/16/2013 
Gypsum 
(Cretaceous)   

WT-SD-2 1/16/2013 
Gypsum 
(Cretaceous)   

WT-SD-3 1/16/2013 
Gypsum 
(Cretaceous)   

WT-OMO january 2014 Detergente OMO 
  

WT-36-pirof 1/22/2014 Pirofosfato sódico 618341 3694122 

 
Table A.4. Identification names, type, coordinates and other details related to the solid samples collected at the Oum 
Zessar study area (modified from WADIS-MAR, 2016) 
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Table A.5. Statistical analysis related to the estimation of runoff and effective infiltration for sub-basins of the Koutine watershed watershed for the reference period (2003-
2010) 
 
 
 
 
 

Sub-basin 
AWC 
(mm) 

AWC 
class 

Ck 
Ck 

class 
Mean RO 

(mm) 
STD dev 

RO 
Mean Ie 

(mm) 
STD dev 

Ie 
Average 

rainfall (mm) 

N 
events 

tot 

Average 
N days 

N events 
of 1 day 

S1 190.99 4 0.185 1 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S2 152.03 4 0.178 1 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S3 124.99 3 0.228 2 0.55 0.00 1.86 0.00 111.00 1 4.00 0 
S4 113.18 3 0.202 2 2.13 0.66 8.41 2.60 90.43 3 3.33 1 
S5 34.77 1 0.234 2 4.43 5.06 14.47 16.55 36.62 34 1.79 18 
S6 215.47 4 0.167 1 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S7 161.92 4 0.174 1 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S8 41.45 1 0.244 2 5.79 5.16 17.94 16.00 46.68 24 2.38 9 
S9 178.80 4 0.217 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 

S10 193.31 4 0.231 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S11 38.72 1 0.150 1 3.51 3.18 19.89 18.05 43.32 27 2.31 10 
S12 120.37 3 0.205 2 0.68 0.67 2.65 2.59 99.48 3 4.33 1 
S13 35.42 1 0.209 2 4.11 4.53 15.60 17.19 40.20 32 2.13 13 
S14 31.21 1 0.137 1 2.32 2.94 14.63 18.58 32.96 42 2.17 17 
S15 111.31 3 0.135 1 1.68 0.44 10.72 2.81 90.51 3 4.00 1 
S16 123.55 3 0.290 2 1.12 0.00 2.73 0.00 137.92 1 6.00 0 
S17 130.01 3 0.164 1 3.39 0.00 17.30 0.00 137.92 1 6.00 0 
S18 92.81 2 0.320 3 4.77 3.32 10.15 7.06 65.58 6 2.17 4 
S19 84.96 2 0.258 2 3.88 3.16 11.18 9.11 68.08 9 2.78 5 
S20 117.65 3 0.302 3 1.83 0.98 4.23 2.27 90.43 3 3.67 1 
S21 134.52 3 0.340 3 5.50 0.00 10.68 0.00 137.92 1 6.00 0 

AWC classification: class 1 - AWC < 50; class 2 - 50 < AWC < 100; class 3 - 100 < AWC < 150; class 4 - AWC > 150 
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Table A.6. Statistical analysis related to the estimation of runoff and effective infiltration for sub-basins of the Megarine-Arniane watershed watershed for the reference period 
(2003-2010) 
 

Sub-basin 
AWC 
(mm) 

AWC 
class 

Ck 
Ck 

class 
Mean RO 

(mm) 
STD dev 

RO 
Mean Ie 

(mm) 
STD dev 

Ie 
Average rainfall 

(mm) 
N events 

tot 
Average 
N days 

N 
events 

of 1 day 

S1 101.58 3 0.236 2 2.59 2.43 8.38 7.86 70.05 5 2.60 2 
S2 69.21 2 0.233 2 4.09 3.63 13.49 11.97 64.23 15 2.40 7 
S3 76.78 2 0.308 3 4.79 4.24 10.77 9.53 66.48 13 2.31 6 
S4 29.50 1 0.316 3 4.79 6.62 10.34 14.31 31.26 45 1.93 19 
S5 107.46 3 0.300 2 4.87 0.98 11.38 2.28 99.48 3 4.33 1 
S6 91.09 2 0.295 2 4.19 3.21 9.99 7.66 70.10 7 2.14 5 
S7 118.56 3 0.289 2 1.49 0.94 3.66 2.31 90.43 3 3.67 1 
S8 82.16 2 0.264 2 4.22 3.27 11.77 9.12 70.88 10 2.80 4 
S9 98.32 2 0.174 1 2.36 1.64 11.18 7.77 70.05 5 2.60 2 

S10 107.10 3 0.199 1 2.50 1.71 10.07 6.88 80.84 4 3.00 2 
S11 67.15 2 0.144 1 2.58 2.36 15.40 14.06 64.23 15 2.40 7 
S12 87.37 2 0.161 1 2.78 1.71 14.46 8.88 70.10 7 2.14 4 
S13 69.77 2 0.212 2 4.14 3.08 15.41 11.49 66.46 14 2.50 6 
S14 241.09 4 0.286 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S15 218.01 4 0.265 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S16 128.94 3 0.186 1 4.06 0.00 17.70 0.00 137.92 1 6.00 0 
S17 107.36 3 0.201 2 2.48 1.73 9.83 6.85 87.57 4 3.25 2 
S18 126.82 3 0.223 2 0.13 0.00 0.45 0.00 111.00 1 5.00 0 
S19 155.58 4 0.220 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S20 95.52 2 0.235 2 3.71 2.06 12.05 6.71 70.05 5 2.60 2 
S21 196.89 4 0.237 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S22 90.96 2 0.235 2 3.39 2.58 10.89 8.29 70.10 7 2.14 4 
S23 112.41 3 0.236 2 2.67 0.77 8.63 2.48 90.43 3 3.67 1 
S24 198.41 4 0.212 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S25 149.18 3 0.232 2 0.35 0.00 1.16 0.00 137.92 1 6.00 0 
S26 126.34 3 0.290 2 0.31 0.00 0.75 0.00 111.00 1 5.00 0 
S27 147.73 3 0.291 2 0.86 0.00 2.10 0.00 137.92 1 6.00 0 

AWC classification: class 1 - AWC < 50; class 2 - 50 < AWC < 100; class 3 - 100 < AWC < 150; class 4 - AWC > 150 
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Sub-basin 
AWC 
(mm) 

AWC 
class 

Ck 
Ck 

class 
Mean RO 

(mm) 
STD dev 

RO 
Mean Ie 

(mm) 
STD dev 

Ie 
Average 

rainfall (mm) 
N events 

tot 
Average 
N days 

N events 
of 1 day 

S1 70.32 2 0.290 2 5.98 4.05 14.64 9.91 64.31 13 2.31 7 
S2 106.81 3 0.199 1 2.55 1.71 10.29 6.87 80.84 4 3.00 2 
S3 214.90 4 0.208 2 0.00 0.00 0.00 0.00 0.00 0 0.00 0 
S4 129.26 3 0.197 1 4.21 0.00 17.23 0.00 137.92 1 7.00 0 
S5 140.43 3 0.237 2 2.43 0.00 7.83 0.00 137.92 1 6.00 0 

AWC classification: class 1 - AWC < 50; class 2 - 50 < AWC < 100; class 3 - 100 < AWC < 150; class 4 - AWC > 150 

 
Table A.7. Statistical analysis related to the estimation of runoff and effective infiltration for sub-basins of the Hajar watershed for the reference period (2003-2010) 
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Sub-basin Area (m
2
) 

AWC 
class 

Annual runoff (mm) 

Average 
annual 
runoff 

(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 2950006.65 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S2 1864109.61 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S3 13511112.27 3 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 

S4 10992354.92 3 4.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.63 0.64 

S5 6105408.92 1 72.08 4.25 5.58 0.00 7.34 0.00 1.72 13.62 30.58 15.40 15.06 

S6 1242194.19 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S7 17290066.73 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S8 2103056.08 1 64.38 3.55 4.18 0.00 11.83 0.00 0.96 12.55 27.99 13.48 13.89 

S9 15852296.44 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S10 14143665.84 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S11 9484210.07 1 42.10 2.40 2.98 0.00 8.34 2.75 1.00 8.12 18.16 8.84 9.47 

S12 6081678.07 3 1.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.21 

S13 33960673.03 1 63.09 3.71 4.83 0.00 6.19 0.00 1.39 11.99 26.89 13.47 13.16 

S14 6005575.31 1 40.80 2.83 3.87 0.60 10.25 0.01 1.50 8.53 19.13 9.81 9.73 

S15 737297.10 3 3.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.35 0.50 

S16 33023708.29 3 1.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 

S17 11978418.11 3 3.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.34 

S18 27425651.23 2 20.40 0.00 0.00 0.00 0.00 0.00 0.00 0.03 4.67 3.53 2.86 

S19 31034397.25 2 20.50 0.00 0.00 0.00 0.02 0.24 0.00 2.05 7.38 4.77 3.49 

S20 11450608.39 3 4.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.09 0.55 

S21 14334331.90 3 5.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 

Watershed 271570820.39 
            

 
weighted average RO 

(mm) 
17.82 0.73 0.95 0.01 1.55 0.12 0.29 2.61 6.64 3.68 

 

           
Annual average 
RO (watershed) 

3.44 

 
Table A.8. Average annual runoff values (mm) for the Koutine watershed for the reference period (2003-2010) 
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Sub-basin Area (m
2
) 

AWC 
class 

Annual effective infiltration (mm) 

Average 
annual 

effective inf. 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 2950006.65 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S2 1864109.61 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S3 13511112.27 3 1.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 

S4 10992354.92 3 18.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.45 2.52 

S5 6105408.92 1 235.50 13.89 18.23 0.00 23.98 0.00 5.62 44.51 99.91 50.31 49.20 

S6 1242194.19 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S7 17290066.73 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S8 2103056.08 1 199.54 11.01 12.95 0.00 36.66 0.00 2.96 38.90 86.75 41.79 43.06 

S9 15852296.44 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S10 14143665.84 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S11 9484210.07 1 238.80 13.63 16.88 0.00 47.32 15.60 5.65 46.07 103.01 50.16 53.71 

S12 6081678.07 3 7.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.80 

S13 33960673.03 1 239.39 14.09 18.32 0.00 23.48 0.00 5.28 45.50 102.04 51.13 49.92 

S14 6005575.31 1 257.56 17.86 24.41 3.76 64.70 0.05 9.48 53.85 120.79 61.93 61.44 

S15 737297.10 3 23.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.60 3.21 

S16 33023708.29 3 2.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.27 

S17 11978418.11 3 17.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.73 

S18 27425651.23 2 43.40 0.00 0.00 0.00 0.00 0.00 0.00 0.06 9.93 7.52 6.09 

S19 31034397.25 2 59.00 0.00 0.00 0.00 0.04 0.70 0.00 5.89 21.24 13.73 10.06 

S20 11450608.39 3 10.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.52 1.27 

S21 14334331.90 3 10.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.07 

Watershed 271570820.39 
            

 
weighted average Ie 

(mm) 
65.10 3.03 3.93 0.08 6.85 0.63 1.22 10.47 25.38 13.70 

 

           
Annual average 
Ie (watershed) 

13.04 

 
Table A.9. Average annual effective infiltration values (mm) for the Koutine watershed for the reference period (2003-2010) 



262 
 

Sub-basin Area (m
2
) 

AWC 
class 

Annual runoff (mm) 

Average 
annual 
runoff 

(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 6717504.76 3 10.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.37 0.66 1.29 
S2 389515.45 2 30.73 0.07 0.00 0.00 1.92 3.89 0.00 5.52 11.44 7.81 6.14 
S3 6634855.41 2 31.35 0.00 0.00 0.00 0.15 2.81 0.00 4.97 14.93 8.10 6.23 
S4 3243779.90 1 97.91 7.23 0.83 2.12 13.91 0.06 3.91 19.96 45.80 23.62 21.54 
S5 11583992.84 3 10.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.14 1.46 
S6 1732361.75 2 19.87 0.00 0.00 0.00 0.00 0.00 0.00 0.54 5.17 3.75 2.93 
S7 16143614.82 3 3.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.78 0.45 
S8 1005702.67 2 22.47 0.00 0.00 0.00 0.72 0.99 0.00 2.84 9.63 5.59 4.22 
S9 4183199.51 2 9.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.58 1.02 1.18 

S10 6035852.67 3 7.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 2.84 1.00 
S11 1972944.74 2 20.42 0.20 0.00 0.00 1.60 0.00 0.00 3.70 7.75 5.11 3.88 
S12 9029229.78 2 12.06 0.00 0.00 0.00 0.00 0.00 0.00 0.89 3.91 2.62 1.95 
S13 8417134.08 2 27.36 0.00 0.00 0.00 1.62 3.41 0.00 4.90 13.64 6.99 5.79 
S14 896049.14 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S15 7741210.19 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S16 152205.61 3 4.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 
S17 11118374.55 3 7.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 2.83 0.99 
S18 14449713.53 3 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
S19 8773098.87 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S20 16558497.86 2 13.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.80 2.00 1.85 
S21 10371257.74 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S22 10205140.87 2 16.02 0.00 0.00 0.00 0.00 0.00 0.00 0.46 4.21 3.04 2.37 
S23 16797444.27 3 5.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.09 0.80 
S24 15385041.69 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S25 19929934.00 3 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
S26 6782969.50 3 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 
S27 31139140.92 3 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 

Watershed 247389767.14 
            

 
weighted average RO 

(mm) 
7.75 0.10 0.01 0.03 0.26 0.20 0.05 0.67 2.19 1.84 

 

           
Annual average 
RO (watershed) 

1.31 

Table A.10. Average annual runoff values (mm) for the Megarine-Arniane watershed for the reference period (2003-2010) 
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Sub-basin Area (m
2
) 

AWC 
class 

Annual effective infiltration (mm) 

Average 
annual 

effective inf. 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 6717504.76 3 35.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.45 2.12 4.19 
S2 389515.45 2 101.30 0.22 0.00 0.00 6.33 12.81 0.00 18.18 37.71 25.75 20.23 
S3 6634855.41 2 70.45 0.00 0.00 0.00 0.34 6.31 0.00 11.16 33.55 18.20 14.00 
S4 3243779.90 1 211.54 15.62 1.80 4.58 30.06 0.13 8.45 43.13 98.95 51.03 46.53 
S5 11583992.84 3 24.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.67 3.41 
S6 1732361.75 2 47.38 0.00 0.00 0.00 0.00 0.00 0.00 1.28 12.34 8.94 6.99 
S7 16143614.82 3 9.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.92 1.10 
S8 1005702.67 2 62.64 0.00 0.00 0.00 2.00 2.76 0.00 7.91 26.85 15.58 11.77 
S9 4183199.51 2 43.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.50 4.83 5.59 

S10 6035852.67 3 28.58 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 11.46 4.03 
S11 1972944.74 2 121.62 1.17 0.00 0.00 9.51 0.00 0.00 22.05 46.15 30.42 23.09 
S12 9029229.78 2 62.63 0.00 0.00 0.00 0.00 0.00 0.00 4.64 20.33 13.59 10.12 
S13 8417134.08 2 101.92 0.00 0.00 0.00 6.05 12.72 0.00 18.24 50.83 26.03 21.58 
S14 896049.14 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S15 7741210.19 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S16 152205.61 3 17.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.77 
S17 11118374.55 3 28.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 11.22 3.93 
S18 14449713.53 3 0.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
S19 8773098.87 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S20 16558497.86 2 44.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.09 6.49 6.02 
S21 10371257.74 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S22 10205140.87 2 51.48 0.00 0.00 0.00 0.00 0.00 0.00 1.49 13.53 9.77 7.63 
S23 16797444.27 3 19.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.76 2.59 
S24 15385041.69 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S25 19929934.00 3 1.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 
S26 6782969.50 3 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 
S27 31139140.92 3 2.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 

Watershed 247389767.14 
            

 
weighted average Ie 

(mm) 
24.35 0.21 0.02 0.06 0.70 0.64 0.11 1.96 6.71 5.75 

 

           
Annual average 
Ie (watershed) 

4.05 

Table A.11. Average annual effective infiltration values (mm) for the Megarine-Arniane watershed for the reference period (2003-2010) 
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Sub-basin Area (m
2
) 

AWC 
class 

Annual runoff (mm) 

Average 
annual 
runoff 

(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 13425189.756 2 36.86 0.00 0.00 0.00 2.06 11.06 0.00 16.03 18.34 23.06 36.86 

S2 18990514.335 3 7.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 2.90 7.20 

S3 9327912.826 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S4 14788493.812 3 4.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.21 

S5 23751440.542 3 2.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.43 

Watershed 80283551.272 
            

 
weighted average RO 

(mm) 
9.36 0.00 0.00 0.00 0.34 1.85 0.00 2.68 3.09 4.54 

 

           
Annual average 
RO (watershed) 

2.19 

 
Table A.12. Average annual runoff values (mm) for the Hajar watershed for the reference period (2003-2010) 

 

Sub-basin Area (m
2
) 

AWC 
class 

Annual effective infiltration (mm) 

Average 
annual 

effective inf. 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 13425189.756 2 90.22 0.00 0.00 0.00 5.04 11.06 0.00 16.03 44.88 23.06 19.03 

S2 18990514.335 3 29.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.48 11.67 4.12 

S3 9327912.826 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

S4 14788493.812 3 17.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.72 

S5 23751440.542 3 7.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.78 

Watershed 80283551.272 
            

 
weighted average Ie 

(mm) 
27.44 0.00 0.00 0.00 0.84 1.85 0.00 2.68 7.62 6.62 

 

           
Annual average 
Ie (watershed) 

4.71 

 
Table A.13. Average annual effective infiltration values (mm) for the Hajar watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 
Triassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Triassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 2751887.15 4 0 0 0 0 0 0 0 0 0 0 0 

S2 1461147.37 4 0 0 0 0 0 0 0 0 0 0 0 

S3 12416562.62 3 23,073 0 0 0 0 0 0 0 0 0 2,307 

S4 9627522.38 3 180,652 62,122 0 0 0 0 0 0 0 0 24,277 

S5 6105408.92 1 1,437,810 84,831 111,284 0 146,385 9 34,324 271,775 609,996 307,155 300,357 

S6 1135138.23 4 0 0 0 0 0 0 0 0 0 0 0 

S7 14585082.18 4 0 0 0 0 0 0 0 0 0 0 0 

S8 2103056.08 1 419,634 23,164 27,227 0 77,089 0 6,226 81,816 182,449 87,883 90,549 

S9 9070822.40 4 0 0 0 0 0 0 0 0 0 0 0 

S10 10368243.88 4 0 0 0 0 0 0 0 0 0 0 0 

S11 9484210.07 1 2,264,786 129,266 160,104 0 448,768 147,998 53,610 436,912 976,970 475,742 509,416 

S12 4968159.14 3 36,001 0 0 0 0 0 0 0 0 3,507 3,951 

S13 33960673.00 1 8,129,786 478,360 622,310 0 797,251 0 179,429 1,545,073 3,465,298 1,736,276 1,695,378 

S14 6005575.31 1 1,546,806 107,279 146,623 22,559 388,574 279 56,912 323,408 725,422 371,930 368,979 

S15 737297.10 3 17,361 0 0 0 0 0 0 0 0 6,341 2,370 

S16 13527387.98 3 36,971 0 0 0 0 0 0 0 0 0 3,697 

S17 11381688.57 3 196,883 0 0 0 0 0 0 0 0 0 19,688 

S18 7429489.91 2 322,405 0 0 0 0 0 0 471 73,755 55,837 45,247 

S19 13125038.38 2 774,333 0 0 0 570 9,166 0 77,355 278,750 180,155 132,033 

S20 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S21 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

Watershed 170244390.67 
            

 
Total annual recharge (m

3
) 15,386,499 885,023 1,067,548 22,559 1,858,637 157,452 330,500 2,736,809 6,312,641 3,224,827 

 

           
Average annual natural 
recharge (watershed) 

3,198,250 

 
Table A.14. Annual natural groundwater recharge (m

3
 year

-1
) for the Triassic aquifer for the Koutine watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 
Jurassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Jurassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S2 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S3 285924.59 3 531 0 0 0 0 0 0 0 0 0 53 

S4 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S5 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S6 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S7 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S8 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S9 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S10 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S11 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S12 747929.57 3 5,420 0 0 0 0 0 0 0 0 528 595 

S13 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S14 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S15 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S16 224540.39 3 614 0 0 0 0 0 0 0 0 0 61 

S17 548470.09 3 9,488 0 0 0 0 0 0 0 0 0 949 

S18 1072819.03 2 46,555 0 0 0 0 0 0 68 10,650 8,063 6,534 

S19 11025651.74 2 650,476 0 0 0 479 7,700 0 64,982 234,163 151,339 110,914 

S20 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S21 65992.50 3 705 0 0 0 0 0 0 0 0 0 71 

Watershed 13971327.91 
            

 
Total annual recharge (m

3
) 713,789 0 0 0 479 7,700 0 65,050 244,814 159,929 

 

           
Average annual natural 
recharge (watershed) 

119,176 

 
Table A.15. Annual natural groundwater recharge (m

3
 year

-1
) for the Jurassic aquifer for the Koutine watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 

Cretaceous aquifer 
(m

2
) 

AWC 
class 

Annual natural recharge of the Cretaceous aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 198119.53 4 0 0 0 0 0 0 0 0 0 0 0 

S2 402961.81 4 0 0 0 0 0 0 0 0 0 0 0 

S3 808625.11 3 1,503 0 0 0 0 0 0 0 0 0 150 

S4 1364832.52 3 25,610 8,807 0 0 0 0 0 0 0 0 3,442 

S5 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S6 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S7 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S8 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S9 1099190.17 4 0 0 0 0 0 0 0 0 0 0 0 

S10 3775421.96 4 0 0 0 0 0 0 0 0 0 0 0 

S11 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S12 365589.36 3 2,649 0 0 0 0 0 0 0 0 258 291 

S13 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S14 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S15 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S16 19271779.92 3 52,670 0 0 0 0 0 0 0 0 0 5,267 

S17 48259.45 3 835 0 0 0 0 0 0 0 0 0 83 

S18 18923342.11 2 821,184 0 0 0 0 0 0 1,199 187,857 142,221 115,246 

S19 6883707.12 2 406,115 0 0 0 299 4,808 0 40,570 146,197 94,486 69,247 

S20 11450608.39 3 116,366 0 0 0 0 0 0 0 0 28,862 14,523 

S21 14268339.40 3 152,446 0 0 0 0 0 0 0 0 0 15,245 

Watershed 78860776.85 
            

 
Total annual recharge (m

3
) 1,579,378 8,807 0 0 299 4,808 0 41,770 334,054 265,827 

 

           
Average annual natural 
recharge (watershed) 

223,494 

 
Table A.16. Annual natural groundwater recharge (m

3
 year

-1
) for the Cretaceous aquifer for the Koutine watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 
Triassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Triassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 6717504.76 3 237,404 0 0 0 0 0 0 0 29,888 14,272 28,156 

S2 389515.42 2 39,459 85 0 0 2,467 4,991 0 7,083 14,690 10,028 7,880 

S3 6634855.41 2 467,422 0 0 0 2,247 41,895 0 74,036 222,610 120,762 92,897 

S4 3243779.92 1 686,184 50,662 5,838 14,841 97,499 411 27,400 139,912 320,970 165,525 150,924 

S5 11583992.88 3 283,473 0 0 0 0 0 0 0 0 111,967 39,544 

S6 1732361.76 2 82,078 0 0 0 0 0 0 2,221 21,370 15,480 12,115 

S7 16143614.83 3 146,190 0 0 0 0 0 0 0 0 30,960 17,715 

S8 1005702.70 2 62,993 0 0 0 2,015 2,772 0 7,953 27,004 15,666 11,840 

S9 4183199.45 2 182,265 0 0 0 0 0 0 0 31,373 20,196 23,383 

S10 4115189.29 3 117,605 0 0 0 0 0 0 0 1,015 47,143 16,576 

S11 1972944.74 2 239,942 2,310 0 0 18,770 0 0 43,509 91,059 60,013 45,560 

S12 8852499.52 2 554,429 0 0 0 0 0 0 41,119 179,980 120,341 89,587 

S13 7934415.63 2 808,697 0 0 0 47,991 100,925 0 144,713 403,334 206,513 171,217 

S14 896049.15 4 0 0 0 0 0 0 0 0 0 0 0 

S15 7741210.16 4 0 0 0 0 0 0 0 0 0 0 0 

S16 152205.61 3 2,695 0 0 0 0 0 0 0 0 0 269 

S17 7214369.45 3 202,431 0 0 0 0 0 0 0 258 80,945 28,363 

S18 14449713.49 3 6,467 0 0 0 0 0 0 0 0 0 647 

S19 8773098.88 4 0 0 0 0 0 0 0 0 0 0 0 

S20 13316166.03 2 594,563 0 0 0 0 0 0 0 121,073 86,485 80,212 

S21 10371257.63 4 0 0 0 0 0 0 0 0 0 0 0 

S22 8172877.29 2 420,777 0 0 0 0 0 0 12,138 110,577 79,810 62,330 

S23 8832574.85 3 168,946 0 0 0 0 0 0 0 0 59,713 22,866 

S24 13737371.23 4 0 0 0 0 0 0 0 0 0 0 0 

S25 16440120.57 3 19,117 0 0 0 0 0 0 0 0 0 1,912 

S26 1148050.33 3 865 0 0 0 0 0 0 0 0 0 87 

S27 649991.48 3 1,367 0 0 0 0 0 0 0 0 0 137 

Watershed 186404632.47 
            

 
Total annual recharge (m

3
) 5,325,368 53,057 5,838 14,841 170,990 150,993 27,400 472,685 1,575,199 1,245,817 

 

           
Average annual natural 
recharge (watershed) 

904,219 

 
Table A.17. Annual natural groundwater recharge (m

3
 year

-1
) for the Triassic aquifer for the Megarine-Arniane watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 
Jurassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Jurassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S2 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S3 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S4 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S5 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S6 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S7 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S8 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S9 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S10 1883704.93 3 53,833 0 0 0 0 0 0 0 465 21,579 7,588 

S11 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S12 176730.26 2 11,069 0 0 0 0 0 0 821 3,593 2,402 1,789 

S13 482718.35 2 49,200 0 0 0 2,920 6,140 0 8,804 24,538 12,564 10,417 

S14 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S15 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S16 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S17 2834412.64 3 79,532 0 0 0 0 0 0 0 101 31,802 11,144 

S18 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S19 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S20 3242331.79 2 144,769 0 0 0 0 0 0 0 29,480 21,058 19,531 

S21 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S22 2032263.59 2 104,630 0 0 0 0 0 0 3,018 27,496 19,846 15,499 

S23 5806597.88 3 111,066 0 0 0 0 0 0 0 0 39,255 15,032 

S24 1647670.37 4 0 0 0 0 0 0 0 0 0 0 0 

S25 3463314.02 3 4,027 0 0 0 0 0 0 0 0 0 403 

S26 5634919.23 3 4,248 0 0 0 0 0 0 0 0 0 425 

S27 16995887.37 3 35,733 0 0 0 0 0 0 0 0 0 3,573 

Watershed 44200550.42 
            

 
Total annual recharge (m

3
) 598,107 0 0 0 2,920 6,140 0 12,643 85,673 148,507 

 

           
Average annual natural 
recharge (watershed) 

85,399 

 
Table A.18. Annual natural groundwater recharge (m

3
 year

-1
) for the Jurassic aquifer for the Megarine-Arniane watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 

Cretaceous aquifer 
(m

2
) 

AWC 
class 

Annual natural recharge of the Cretaceous aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S2 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S3 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S4 0.00 1 0 0 0 0 0 0 0 0 0 0 0 

S5 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S6 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S7 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S8 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S9 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S10 1883704.93 3 1,056 0 0 0 0 0 0 0 9 423 149 

S11 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S12 176730.26 2 0 0 0 0 0 0 0 0 0 0 0 

S13 482718.35 2 0 0 0 0 0 0 0 0 0 0 0 

S14 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S15 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S16 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S17 2834412.64 3 30,012 0 0 0 0 0 0 0 38 12,001 4,205 

S18 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S19 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S20 3242331.79 2 0 0 0 0 0 0 0 0 0 0 0 

S21 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S22 2032263.59 2 0 0 0 0 0 0 0 0 0 0 0 

S23 5806597.88 3 41,264 0 0 0 0 0 0 0 0 14,584 5,585 

S24 1647670.37 4 0 0 0 0 0 0 0 0 0 0 0 

S25 3463314.02 3 31 0 0 0 0 0 0 0 0 0 3 

S26 5634919.23 3 0 0 0 0 0 0 0 0 0 0 0 

S27 16995887.37 3 28,369 0 0 0 0 0 0 0 0 0 2,837 

Watershed 44200550.42 
            

 
Total annual recharge (m

3
) 100,732 0 0 0 0 0 0 0 47 27,009 

 

           
Average annual natural 
recharge (watershed) 

12,779 

 
Table A.19. Annual natural groundwater recharge (m

3
 year

-1
) for the Cretaceous aquifer for the Megarine-Arniane watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 
Triassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Triassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 13425189.76 2 1,211,250 0 0 0 67,685 148,506 0 215,224 602,483 309,607 292,536 

S2 18990514.34 3 551,367 0 0 0 0 0 0 0 9,028 221,599 122,730 

S3 9327901.77 4 0 0 0 0 0 0 0 0 0 0 24,842 

S4 11438537.43 3 197,029 0 0 0 0 0 0 0 0 0 48,818 

S5 8709392.97 3 68,186 0 0 0 0 0 0 0 0 0 28,545 

Watershed 61891536.26 
            

 
Total annual recharge (m

3
) 2,027,832 0 0 0 67,685 148,506 0 215,224 611,511 531,206 

 

           
Average annual natural 
recharge (watershed) 

360,196 

 
Table A.20. Annual natural groundwater recharge (m

3
 year

-1
) for the Triassic aquifer for the Hajar watershed for the reference period (2003-2010) 

 
 

Sub-basin 
Area covered by 
Jurassic aquifer 

(m
2
) 

AWC 
class 

Annual natural recharge of the Jurassic aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S2 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S3 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S4 3349956.39 3 57,703 0 0 0 0 0 0 0 0 0 14,297 

S5 14042998.18 3 109,942 0 0 0 0 0 0 0 0 0 46,026 

Watershed 17392954.56 
            

 
Total annual recharge (m

3
) 167,645 0 0 0 0 0 0 0 0 0 

 

           
Average annual natural 
recharge (watershed) 

16,765 

 
Table A.21. Annual natural groundwater recharge (m

3
 year

-1
) for the Jurassic aquifer for the Hajar watershed for the reference period (2003-2010) 
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Sub-basin 
Area covered by 

Cretaceous aquifer 
(m

2
) 

AWC 
class 

Annual natural recharge of the Cretaceous aquifer (m
3
) 

Average 
annual 

recharge 
(sub-basins) 

   
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 

 
S1 0.00 2 0 0 0 0 0 0 0 0 0 0 0 

S2 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S3 0.00 4 0 0 0 0 0 0 0 0 0 0 0 

S4 0.00 3 0 0 0 0 0 0 0 0 0 0 0 

S5 999049.40 3 7,822 0 0 0 0 0 0 0 0 0 3,274 

Watershed 999049.40 
            

 
Total annual recharge (m

3
) 7,822 0 0 0 0 0 0 0 0 0 

 

           
Average annual natural 
recharge (watershed) 

782 

 
Table A.22. Annual natural groundwater recharge (m

3
 year

-1
) for the Cretaceous aquifer for the Hajar watershed for the reference period (2003-2010) 

 
 
 
 
 
 
 
 


