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9ȄŜŎǳǘƛǾŜ {ǳƳƳŀǊȅ 

Managed Aquifer Recharge (MAR) is a promising technique for water management. It comprises a 

group of technologies that enhance the infiltration of various water sources into aquifers. The water 

stored underground can serve different uses, such as irrigation, industrial and drinking water supply, 

and the recovery or preservation of environmental assets. The uptake of MAR is rapidly increasing 

worldwide under the threat of multiple pressures, including climate change, the decline in aquifer 

storage and environmental degradation. The present report is part of the Horizon 2020 MSCA 

"Managed Aquifer Recharge Solutions Training Network" (MARSoluT ITN, 2019-2023), which aimed at 

training experts in MAR (https://www.marsolut-itn.eu/). Report D4.4 deals with the objectives of work 

package 4 (WP4) and seeks to evaluate the performance of MAR sites across the Mediterranean using 

monitoring data. D4.4 continues a line of research started in the FP7 project "Demonstrating Managed 

Aquifer Recharge as a Solution to Water Scarcity and Drought" (MARSOL, 2013-2016) through MARSOL 

work package 13 (WP13) and its Deliverables D13.1 and D13.3, which provided technical solutions for 

MAR. 

The performance of six MAR sites across the Mediterranean was evaluated, namely, The Algarve, 

Portugal (UAlg); The Los Arenales MAR sites, Spain (TRAGSA); the Suvereto MAR site, Italy (SSSA); the 

Pwales MAR site, Malta, (EWA); the Argolis Field, Greece (NTUA); and the Menashe streams MAR site, 

Israel (ARO). The performance was evaluated in terms of seven categories: yearly recharge volumes, 

impacts on groundwater levels, impacts on water quality, infiltration rates and clogging, site upgrade, 

financial aspects, and other aspects. The site performance evaluation involved research conducted 

primarily within the framework of the MARSoluT project. In general, the sites show satisfactory per-

formance after several years of operations. In the Algarve, MAR could help to palliate some of the 

current issues, but other measures are also required. 

In addition, a calculation for the unintentional recharge of groundwater caused by transversal struc-

tures (dykes and dams) has been conducted as a starting point for a future more accurate estimation. 

The volume infiltrated from the about 27,600 in-river structures ranges between 800 and 1,200 

Mm3/year for the Spanish territory, representing a starting point for this new line of action about 

(un)managed aquifer recharge at a large scale. The obtained figures will be fine-tuned in the future of 

this initial figure. 

The site performance evaluation research involves multiple tools and diverse approaches, including 

numerical groundwater modelling, analytical hydrochemical characterisation, field and laboratory ex-

periments, and geospatial analysis. A total of 20 technical solutions were added to the list that started 

in MARSOL with Deliverable D13.1. These technological solutions are related to multiple aspects of 

MAR, such as operation, planning, maintenance, and site upgrade. The advances in MAR sciences and 

engineering reflected in this report showcase successful MAR experiences and provide technical 

solutions that can support the market penetration of MAR in the Mediterranean region and beyond. 

 

  

https://www.marsolut-itn.eu/
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мΦ LƴǘǊƻŘǳŎǘƛƻƴ 

The MARSoluT Interactive Training Network (ITN) is a Marie-{ƪƱƻŘƻǿǎƪŀ /ǳǊƛŜ ŘƻŎǘƻǊŀƭ ƴŜǘǿƻǊƪ ŀƛƳƛƴƎ 

to train 12 highly skilled doctoral fellows in Managed Aquifer Recharge (MAR). This goal materialises 

through PhD theses developed with member and partner institutions. The main objective of all the 

PhD candidate's research is to provide scientific and technical solutions for MAR. 

The PhD candidates' research has also been grouped into four work packages (WPs) which focus on 

different aspects of MAR, including sustaining high infiltration rates (WP1), or improving water quality 

for MAR (WP2). The results of the WPs are presented as deliverables that are submitted to the 

European Commission. The WPs and PhD researches give answers to knowledge gaps detected by the 

consortium and, in some cases, continue active lines of research started in previous projects, notably 

the FP7 MARSOL project. 

This deliverable (D4.4) is part of WP4 and deals with MAR design and construction criteria. It is a 

continuation of MARSOL's WP13, which resulted in various Deliverables (D13.1 and D13.31) and show-

cased technical solutions for MAR. WP4 has a pragmatic and innovative character. Specific objectives 

are the following: 

1. Implementation of monitoring systems and development of a flow model for Malta South. 

2. Development of a regional river basin model for scenario analyses. 

3. Enhancing water quality by optimising MAR design at active MAR sites in Spain. 

4. Statistical analysis and evaluation of long-term monitoring data and site upgrade of identified 

hotspots. 

D4.4 titled "Report on the performance of optimal MAR designs" concerns the fourth objective of WP4, 

namely, the statistical analysis and evaluation of long-term monitoring data and site upgrade of identi-

fied hotspots. Consequently, this report aims to provide optimal design and construction criteria by 

assessing the performance of MAR sites through monitoring data. To this end, five hotspots across the 

Mediterranean where MAR operations have taken place were evaluated. 

The performance of the MAR system can be assessed from various perspectives. From the impact of 

the artificial recharge operations on groundwater levels and quality to the state of the infiltration 

infrastructure and economic indicators. Hence, multiple aspects were considered for the evaluation of 

MAR site performance: 

1. Yearly recharge volumes: yearly volume of water artificially recharged into aquifers during 

MAR site operation. 

2. Impacts on groundwater levels: evaluation of the effects of the MAR site operation on ground-

water levels and aquifer storage. 

3. Impacts on water quality: evaluation of the effects of MAR systems on groundwater quality. 

                                                           

1 Available at www.https://dinamar.tragsa.es/ (accessed 19/01/2023) 

http://www.https/dinamar.tragsa.es/
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4. Infiltration rates and clogging: evaluation of how infiltration rates have evolved with a view to 

clogging issues and how they have been managed. 

5. Site upgrade: description of any engineering or infrastructure upgrade of a MAR site. 

6. Financial aspects: indicators of financial performance or financial factors that could be of inte-

rest to the MAR community, given the relatively little literature in this regard. 

7. Other aspects: other aspects that are key to the performance of the MAR system (e.g., water 

governance). 

The performance evaluation of some of the addressed MAR sites does not include all of these aspects 

since not all of them may have been researched in the framework of MARSoluT.  

The evaluation of dykes as sources of recharge for aquifers in Spain is also included in this report. These 

dykes have contributed to groundwater recharge for many decades. Helping in understanding their 

role would help to decrease uncertainty in hydrological balances. Although dykes in Spain are, in most 

cases and unintended sources of groundwater and, therefore, not MAR systems, they resemble the 

situation in India, where ubiquitous check dams have been built to feed aquifers. Hence, any conclu-

sion in Spain could be relevant for MAR performance at the regional level in other parts of the world. 

¢ŜŎƘƴƛŎŀƭ ǎƻƭǳǘƛƻƴǎ ǊŜǎǳƭǘ ŦǊƻƳ ǘƘŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ a!w{ƻƭǳ¢Ωǎ a!w ǎƛǘŜ ǇŜǊŦƻǊƳŀƴŎŜΦ ¢ƘŜǎŜ ǎƻƭǳǘƛƻƴǎ 

are conceptualised and summarised in the present report, giving cƻƴǘƛƴǳƛǘȅ ǘƻ a!w{h[Ωǎ ²tмо ŀƴŘ 

Deliverable D13.1.  

The present deliverable follows this structure: the first section provides the objectives, followed by a 

background on the MAR sites focusing on the improvements and the research conducted during the 

previous project MARSOL, MARSoluT́ s precedent. Section two evaluates MAR site performance for six 

hotspots in the Mediterranean region from east to west (Figure 1). These sites are their corresponding 

responsible institutions are i) The Algarve, Portugal (UAlg); ii) The Los Arenales MAR sites, Spain 

(Tragsa), iii) the Suvereto MAR site, Italy (SSSA); (iv) the Pwales Valley MAR Site, Malta (EWA); (v) the 

Argolis Field, Greece (NTUA); and (v) the Menashe Streams MAR site, Israel (ARO). Performance is 

evaluated in terms of the seven factors described above, preceded by an introduction to the site. 

Section 3 studies the long-term indirect infiltration of water in Spain through dykes. Subsequently, the 

technical solutions drawn ŦǊƻƳ a!w{ƻƭǳ¢Ωǎ a!w ǎƛǘŜǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ όǎŜŎǘƛƻƴ ŦƛǾŜύΦ ¢ƘŜ ǊŜǇƻǊǘ ŦƛƴƛǎƘŜǎ 

with conclusions (section six), references (section seven), and the annex. 
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Figure 1. Location of MAR sites evaluated in the current MARSoluT deliverable. 
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нΦ hōƧŜŎǘƛǾŜǎ 

The main objective of deliverable D4.4 is to conduct statistical analysis and evaluate long-term moni-

toring data and site upgrades of identified hotspots. This objective is linked to a a!w{h[ ǇǊƻƧŜŎǘΩǎ line 

of research concretised in deliverables D13.1 and D13.3. 

The following are the specific objectives that allow achieving the main objective: 

¶ Reviewing the main accomplishment of Deliverables D13.1 and D13.3. 

¶ wŜǇƻǊǘƛƴƎ ƻƴ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ a!w{ƻƭǳ¢Ωǎ a!w ǎƛǘŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻf monitoring 

data. 

¶ Conceptualising new technical solutions for MAR based on the prƻƎǊŜǎǎ ŀǘ a!w{ƻƭǳ¢Ωǎ a!w 

sites. 
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оΦ .ŀŎƪƎǊƻǳƴŘ ƻƴ a!w{h[ {ƛǘŜ ¦ǇƎǊŀŘŜǎ 

Several lines of research developed in MARSoluT WP 4 began in MARSOL (FP7 Water-Inno-demo call, 

2013-2016), especially in WP13, which provided technical solutions for MAR design and construction 

ŎǊƛǘŜǊƛŀΦ a!w{h[Ωǎ deliverables D13.1 and D13.3 (accessible at https://www.dinamar.tragsa.es/) 

accomplished the following results: 

¶ Examined the implemented technical solutions at the MARSOL demonstration sites to define 

a baseline. 

¶ Developed new designs, technologies and construction criteria. 

¶ Guidelines for selecting appropriate MAR technical solutions and construction under diverse 

environmental conditions. 

¶ The proposition of effective strategies to integrate MAR techniques to expand the water 

supply capacity. 

¶ Analysis of best MAR practices and technical solutions at the MARSOL demonstration sites 

through benchmarking. 

¶ Demonstration that MAR is, in some cases, the only strategic solution to face water scarcity 

and extreme weather events, especially droughts ("the key is the storage"). 

Key information from these deliverables is presented below, constituting a baseline for many of the 

solutions and analyses provided in the present report (D4.4). 

 

 

3.1 MARSOL Deliverable D13.1: "MAR Technical Solutions Review and Data 

Base" - main outcomes 

a!w{h[Ωǎ 5моΦм report (Fernández Escalante et al. 2015) described in detail the state of the art of 

MAR technical solutions at MARSOL demo-sites. These solutions included operative and management 

aspects, criteria for the design and construction of MAR facilities, and a set of problem-solution bino-

mials. 

The technical solutions (TS) were distributed among five groups according to the main component or 

aspect of the MAR system. Each group was further subdivided in various thematic categories. A total 

of 73 TS were identified. 

3.1.1 Source water ς quantity 

1. Preselecting: define criteria for selecting MAR source water when several sources are available. 

2. Temporary storage of MAR water in surface reservoirs. 

3. Control of the flow velocity of MAR Water (e.g., dykes). 

4. Manage/avoid operations during specific events/periods (e.g., freezing conditions and heat 

waves). 

5. Install security structures to prevent overflow, such as run-off tramps, spillways, etc. 

http://https/www.dinamar.tragsa.es/
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3.1.2 Source water ς quality 

3.1.2.1 Pre-treatment 

6. Pre-treating the water for MAR at the origin. Various technologies are applicable: WWTP, 

membranes, mud lines, filters, packets, etc. 

7. Pre-treating the water for MAR at the beginning of the MAR scheme. Various technologies are 

applicable: filtering beds, decantation/stagnation structures, deaerating, etc. 

8. Including multiple barriers along water conveyance structures to improve water quality, e.g., 

controlling the pH through mudstone gravel filters. 

9. Utilising various procedures and products for disinfecting, such as Cl, I, O3, H2O2, UV rays, etc. 

10. Using chemical additives to eliminate clogging layers (specify). 

11. Combining different methods to improve MAR water quality, e.g., a "triplet scheme" which 

involve wastewater treatment plants (WWTPs), green biofilters, and artificial wetland. 

3.1.2.2 Surface facilities  

12. Designing durable slopes (e.g., rubble works, gabions, etc.). 

13. Controlling hydraulic heads. 

14. Considering denitrification processes/additives (e.g., annamox). 

15. Employing mechanisms to mix vertical water layers, such as stopping devices. 

3.1.2.3 Injection  

16. Employing anticorrosive materials. 

17. Changing pumping depth. 

18. Reduce fertiliser and pesticide input in nearby areas. 

3.1.2.4 Receiving medium 

19. Employing mechanisms to avoid aeration of MAR water, e.g., communicating vessels, 

open/buried structures, velocity control, etc. 

20. Using deaerating techniques, for instance, through piezometers or increasing distance 

between injection-extraction points. 

21. Maintain the system as closed as possible from the atmosphere to avoid air bubbles in the 

recharge water and algae blossom. 

22. Avoid seawater intrusion by installing hydraulic barriers. 

23. Considering groundwater flows in complex systems. 

3.1.2.5 Other 

24. Using fish species to reduce clogging (e.g., medaka). 

3.1.3 Receiving medium (saturated and unsaturated zones) 

3.1.3.1 Previous studies 

25. Improving as much as possible the knowledge about the receiving medium. 

26. Using natural structures on the site can contribute to avoiding water losses from the system. 

3.1.3.2 Surface facilities 

27. Improving the design of the surface facilities, by including, for instance, furrows at the bottom 

of an infiltration basin. 
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28. Using geo-fabrics at the bottom and slopes. 

29. Injecting water in wells and pits close to the MAR infiltration infrastructure. 

30. Maintaining geo-fabrics, membranes, and filters through backwashing. 

31. Using water jet-type cleaning techniques. 

32. Using chemical products such as additives to conduct cleaning. 

33. Conducting operations at the bottom of infiltration basins such as algae drying, natural bed 

drying, cryo-treating, and cake cracking (cake). 

34. Mechanical cleaning (scarification or silting zones and cleaning /replacement) (specify). 

3.1.3.3 Injection facilities and piezometers 

35. Alternate normal and inverse pumping and change their frequency. 

36. Employing chemical cleaning (use of chemical additives) techniques for the regeneration of 

recharge wells. 

37. Selecting casing materials for wells according to groundwater characteristics (pumping 

quantity, water quality, and expected durability). 

38. Employing automatic systems to control water levels. 

39. Employing clogging preventive procedures, e.g., cathodes protection. 

3.1.3.4 Operative aspects 

40. Using multiple infiltration systems that allow cleaning in one of them while the rest operates. 

41. Cleaning the vegetation in the MAR facilities. 

42. Utilising plant roots to increase infiltration rates. 

43. Changing the frequency of cleaning techniques. 

44. Using basic cleaning vehicles (BCVs). 

3.1.4 Operation, maintenance, decision support systems, management, and reuse 

3.1.4.1 Operation 

45. Considering ex-situ management practices, such as water governance. 

46. Selecting the most appropriate period and place to deviate water for MAR considering 

previous concessions. 

47. Initiating MAR operation progressively. 

48. Measuring and controlling (automatic or manual) the water flow volume and velocity. 

49. Using multiple infiltration systems that allow cleaning in one of them while the rest operates. 

50. Considering alternative sources of water for MAR. 

51. Monitoring chemical properties of the source water during recharge cycles 

3.1.4.2 Maintenance 

52. Developing a specific protocol to control clogging. 

53. Developing a protocol for the proper functioning of hydro-mechanical, e.g., the pressure 

inside the conveyance pipes. 

54. Designing programs for cleaning and maintenance and leaving room for decisions "on the go". 

3.1.4.3 Decision support systems 

55. Integrating all the elements in the system properly. 

56. Promoting the participation of farmers and other decision agents in water management. 

57. [ƛƳƛǘƛƴƎ ŦŜǊǘƛƭƛǎŜǊǎΩ ǳǎŜ. 
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58. Decreasing untreated water spills in the area. 

59. Creating a protection perimeter around the MAR facilities to avoid vandalism. 

60. Including safety measures for humans and fauna in MAR facilities. 

61. Regulate the public use of the facilities, if any. 

3.1.4.4 Management 

62. Adopting at an early stage the best available techniques. 

63. Designing and adopting proper watching and control programmes. 

64. Constructing dams specifically designed for MAR. 

65. Constructing WWTP specifically designed for MAR. 

66. Considering financing mechanisms to give continuity to R&D projects. 

67. Consulting existing operative guidelines. 

68. Utilising surface and underground sensors to monitor MAR operations. 

3.1.4.5 Reuse 

69. Reuse abandoned wells and facilities that were intended for other purposes, such as River 

Bank Filtration (RBF) systems. 

70. Using existing natural previous elements to improve MAR efficiencies, such as dolines and 

sinkholes. 

71. Using pre-existing elements for MAR, e.g., rivers, dams and meander scarfs. 

Detailed explanations oŦ ǘƘŜ ǘŜŎƘƴƛŎŀƭ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ƛƴ a!w{h[Ωs deliverables D13.1 and 

D13.3. 

As part of this deliverable, a movie about the Los Arenales MAR demonstration site was created and 

titled "Arenales Movie: Technical solutions for Managed Aquifer Recharge at Los Arenales aquifer, 

Castile and Leon (Spain)". This movie is intended for technicians and students and explains site 

conditions and the MAR technical solutions applied. The video is available on the Water Channel 

(http://thewaterchannel.tv/media-gallery/6139-managed-aquifer-recharge-at-los-arenales-aquifer-

castille-and-leon-spain), and on YouTube (https://youtu.be/Dw22rcEQdiw). 

The most relevant conclusions drawn from the study of the entailed technical solutions are: 

¶ Before implementing MAR, it is necessary to choose the most appropriate method. Surface 

infiltration systems can have the advantage of pollutant attenuation in the vadose zone. 

¶ In most demonstration sites, water availability for MAR is not guaranteed during long 

droughts. Consequently, alternative sources such as reclaimed water should be considered. 

¶ Although many MAR sites have been operating for several years, there is always room to im-

prove design, operation and maintenance. 

¶ Detailed technical studies before MAR facility construction can help considerably reduce or 

avoid problems. 

¶ Most of the MAR demonstration sites show a good performance and, in some cases, even 

beyond expectations despite some drawbacks. However, conducting MAR in areas with 

unfavourable or difficult conditions (e.g., karstic and fractured aquifers) can lead to larger 

failures. 

http://thewaterchannel.tv/media-gallery/6139-managed-aquifer-recharge-at-los-arenales-aquifer-castille-and-leon-spain
http://thewaterchannel.tv/media-gallery/6139-managed-aquifer-recharge-at-los-arenales-aquifer-castille-and-leon-spain
https://youtu.be/Dw22rcEQdiw
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¶ Water treatment and reuse (sometimes through MAR) can help satisfy growing water demand. 

For instance, in coastal areas with a significant seasonal demand variation, jointly using 

systems for water storage and regeneration is having great success in supplying drinking water 

and counteracting seawater intrusion. 

¶ Depending on the local conditions, design parameters and management practices must be cre-

ated "a la carte". 

¶ The process of improving MAR sites is never ending. Each improvement comes with a new 

research line. 

 

 

3.2 MARSOL Deliverable D13.3: "MAR Design and Construction Criteria" - 

main outcomes 

a!w{h[Ωǎ 5моΦо ŘŜƭƛǾŜǊŀōƭŜ ƛƴŎƭǳŘŜǎ ŀƴŘ ƛƴǾŜƴǘƻǊȅ ƻŦ ǘƘŜ н5 MAR types available. It consists of a 

update of the inventory developed in the DINA-MAR project (2010). The 25 typologies, omitting those 

redundant, are the following:  

1. Infiltration ponds/wetlands. 

2. Infiltration canals (= channels) and ditches. 

3. Ridges/soil and aquifer treatment techniques. 

4. Infiltration fields (flood and controlled spreading). 

5. "Accidental" recharge by irrigation return. 

6. Reservoir dams and dams. 

7. Permeable dams and gabions. 

8. Drilled dams. 

9. River bed scarification. 

10. Qanats (underground galleries). 

11. Open infiltration wells. 

12. Deep wells and well-boreholes. 

13. Boreholes. 

14. ASR. 

15. ASTR. 

16. River Bank Filtration (RBF). 

17. Inter-dune filtration. 

18. Underground irrigation. 

19. Rainwater harvesting in unproductive. 

20. Sustainable Urban Drainage Systems (SUDS). 

Figure 2 shows the existing MAR types, visual representation, and picture of an actual site. The figure 

also indicates whether a type is present at a MARSOL demonstration site. 

The recommendations for each typology of the inventory are developed in the deliverable. Some 

specific items are under improvement during MARSoluT progress. 
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The following are the most important conclusions from this report: 

¶ An environmental impact assessment at MAR sites shows that MAR schemes can solve prob-

lems and create new ones. Fortunately, most negative impacts can be mitigated by considering 

site-specific conditions. 

¶ Not all MAR types were applied in the MARSOL MAR sites. 

¶ It is necessary to design SMARTS (Sustainable Managed Aquifer Recharge Technical Solutions) 

that involve expertise gained in previous projects.  

¶ New facilities incorporate updates and state-of-the-art technology that are based on previous 

experiences, resulting in a constant process of improvement. The same applies to SAT tech-

niques at a smaller scale, in which every new recharge cycle becomes an opportunity to 

improve. 

¶ Even if the overall performance is satisfactory, every MAR scheme is improvable.  

¶ In the future, the need for a reliable water supply will force a move away from natural resour-

ces and towards water reuse, which can often supply recharge water 24/7. 

¶ Optimal MAR facility designs must come along with wise operation and sound planning, 

management, cleaning and maintenance.  

¶ MAR techniques can leverage previous infrastructure (quarries, mines, sand pits, and old 

ditches) to decrease costs and building times. 

¶ Perhaps the major issue in MAR operation is clogging. Preventive measures are paramount to 

deal with it. 

¶ Modifying the receiving medium (e.g., bottom of and infiltration basin) can be advantageous 

ǘƻ ƛƴŎǊŜŀǎŜ ƛƴŦƛƭǘǊŀǘƛƻƴ ǊŀǘŜǎ ŀƴŘ ƭŜƴƎǘƘŜƴ ǘƘŜ ŦŀŎƛƭƛǘƛŜǎΩ ƭƛŦŜǎǇŀƴΦ 

¶ In terms of water quality, the most important measure to achieve great MAR performance is 

pre-treatment. The better the quality of the original water, the better the results. 

¶ It is imperative to consider the experience of specialists and strengthen links between 

technicians, farmers and regulators. 

¶ Showcasing a successful experience with MAR is vital to improving confidence in the tech-

nique.  

¶ It is essential to use multiple approaches for technological watching (e.g., web alerts) to be 

updated on the best available technologies. 

¶ Conducting previous studies carefully can help avoid inconveniences during MAR facility 

construction and operation. 
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Figure 2. MAR types and their presence at the MARSOL demonstration sites. 
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1 INFILTRATION PONDS/ WETLANDS
Artificial wetland to recharge in Sanchón, Coca, 

Arenales aquifer V V V 

2 CHANNELS AND INFILTRATION DITCHES 
Artificial recharge channel of the Basin of Santiuste, 

Segovia, Spain, operative since 2002. V 

3
RIDGES/ SOIL AND AQUIFER TREATMENT 

TECHNIQUES 

Furrows at the bottom of a infiltration pond in 

Santiuste basin (Arenales) V V V V V 

4
INFILTRATION FIELDS (FLOOD AND CONTROLLED 

SPREADING) 
Infiltration field in Carracillo, Arenales aquifer

V V V 

5 ACCIDENTAL RECHARGE BY IRRIGATION RETURN 
Artificial recharge by irrigation return.  Extremadura, 

Spain. Photo: Tragsa V V 

6 BOFEDALES WETLANDS Bofedales (Colombia)

7 RESERVOIR DAMS AND DAMS Artificial recharge dam in Arenales. Segovia, Spain. 

V 

8 PERMEABLE DAMS Permeable dam in Huesca, Spain. Photo: Tragsatec.

9 LEVEES
Levees in Santa Ana river, Orange County, 

California, USA. Photo: A. Hutchinson.

10 RIVERBED SCARIFICATION
Scarification at Besós riverbed, Barcelona, Spain. 

Photo: J. Armenter.

11 SUB-SURFACE/ UNDERGROUND DAMS 
Sub-surface dam in Kitui, Kenya. Photo: Sander de 

Haas.

12 DRILLED DAMS 
Drilled dam.  Lanjarón, Granada, Spain. Photo: 

Tragsatec.

13 QANATS (UNDERGROUND GALLERYS) 
Qanat at Carbonero el Mayor, Segovia, Spain. 

Photo: E.F. Escalante V 

14 OPEN INFILTRATION WELLS Passive infiltration well. Santiuste basin

V V 

15 DEEP WELLS AND BOREHOLES
Artificial recharge well. Menashe. Israel. Photo: 

EFEscalante V 

16 BOREHOLES Borehole in Israel. Photo: EFEscalante

17 SINKHOLES, COLLAPSES...
Sinkhole called"El Hundimiento". Alicante, Spain. 

Photo: DINA-MAR

18 ASR
 ASR device in Scottsdale, Arizona, USA. Photo: 

DINA-MAR V V 

19 ASTR  ASTR device in California, USA. 

V 

20 RIVER BANK FILTRATION  (RBF) MAR RBFsystem in Villeguillo, Arenales, Spain

V V 

21 INTERDUNE FILTRATION 
Interdune filtration in Carracillo Eastern site. 

Arenales, Spain V 

22 UNDERGROUND IRRIGATION
Underground irrigation in Andalucía, Spain. Photo: 

Tragsa.

23

R
A

IN

RAINWATER HARVESTING IN UNPRODUCTIVE
Rainwater harvesting in unproductives for MAR 

techniques. V 

24 ACCIDENTAL RECHARGE PIPES AND SEWER SYSTEM 
Artificial recharge from sewer system in Arenales, 

Spain V 

25 SUSTAINABLE URBAN DRAINAGE SYSTEMS 
SDUS. Gomeznarro park. Madrid, Spain. 

Photo: E.F. Escalante.
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пΦ 9ǾŀƭǳŀǘƛƴƎ ǘƘŜ tŜǊŦƻǊƳŀƴŎŜ ƻŦ a!w {ȅǎǘŜƳǎ !ŎǊƻǎǎ ǘƘŜ aŜŘƛǘŜǊ-

ǊŀƴŜŀƴ 

4.1 The Algarve (Portugal) 

4.1.1 Introduction 

It is worth to notice that most of this chapter's contributions proceed from MARSoluT's Early Stage 

Researcher (ESR) Kathleen Standen and her tutors during the project's development. 

The studies referenced within D4.4 in the Algarve focus on the Campina de Faro aquifer (formerly 

designated as M12 for its groundwater body´s designation), which is now divided into two regions for 

management purposes, based on the different pressures in each area. The eastern sector (M19) has 

been subject to historical and on-going nitrate contamination from agricultural activities, whilst the 

western sector (M18) is facing aquifer levels below sea level across much of the aquifer and 

consequently is at risk of seawater intrusion (SWI). The aquifer is shown on Figure 3. 

 

 

Figure 3. Study area, main groundwater bodies, simplified geology, designations and monitoring network. From 
Costa et al. (2020). 

 
Previous MAR investigations have mainly focussed on the eastern part of the Campina de Faro aquifer 

(M19). These included the EU-funded GABARDINE (Diamantino 2009) and MARSOL projects (Leitão et 

al. 2017), where infiltration basins were excavated into the Rio Seco, the main surface water drainage 

that crosses M19 from north to south as shown in Figure 3. 

During MARSoluT, a feasibility study of MAR potential across the whole of the Algarve River Basin 

District (RH8) was undertaken (reported as MARSoluT Deliverable D4.2, 2023). A detailed numerical 

modelling study was also undertaken to investigate the potential of MAR to mitigate seawater 
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intrusion (SWI) in the western part of the Campina de Faro aquifer, the Vale do Lobo sub-system 

(Standen et al. 2022). Several recent studies have also been completed that investigated the potential 

of greenhouse runoff recharge (Costa et al. 2020) and assessing the impact of management changes 

on groundwater nitrate concentrations (Costa et al. 2021). 

This extensive body of evidence means that we are now able to identify and quantify the water sources 

for MAR in the area, determine whether these are sufficient to achieve improvement in the ground-

water status alone, and identify if and where further measures are required. 

4.1.1.1 Water management challenges 

In Europe, the Water Framework Directive (WFD) legislation requires EU member states to achieve 

άDƻƻŘέ ǎǘŀǘǳǎ ŦƻǊ ŀƭƭ ƎǊƻǳƴŘǿŀter and surface water bodies by 2027. Where this status is not met, 

measures must be included in the River Basin Management Plan (RBMP) Program of Measures to 

achieve these objectives. In Portugal, good quantitative status was defined where annual abstraction 

is <90% average annual recharge for the first and second cycles of the RBMP, whilst the draft RBMP 

ŦƻǊ Ŏƻƴǎǳƭǘŀǘƛƻƴ ŦƻǊ ǘƘŜ ǘƘƛǊŘ ŎȅŎƭŜ ƴƻǿ ŘŜŦƛƴŜǎ ΨƎƻƻŘΩ ǎǘŀǘǳǎ ōŀǎŜŘ ƻƴ ŀōǎǘǊŀŎǘƛƻƴ ғул҈ ƻŦ ƘƛǎǘƻǊƛŎŀƭ 

recharge (APA 2022). In the third cycle in the RH8 region (Rivers of the Algarve), 5 of the 25 ground-

water bodies fail to meet good status, including both the Vale de Lobo and Faro subsystems of the 

Campina de Faro primarily due to golf course irrigation, and agricultural irrigation respectively. 

Lƴ ǘƘŜ ŘǊŀŦǘ w.at ƻŦ ǘƘŜ ǘƘƛǊŘ ŎȅŎƭŜΣ ǘƘŜǊŜ ŀǊŜ нл ƎǊƻǳƴŘǿŀǘŜǊ ōƻŘƛŜǎ ǿƛǘƘ ΨƎƻƻŘΩ ŎƘŜƳƛŎŀƭ ǎǘŀǘǳǎ ŀƴŘ 

р ǿƛǘƘ ŀ ΨƳŜŘƛƻŎǊŜΩ ŎƘŜƳƛŎŀƭ ǎǘŀǘǳǎ ƛƴŎƭǳŘƛƴƎ ƴƛǘǊŀǘŜ ƛƴ aмм ό/Ƙńƻ ŘŜ /ŜǾŀŘŀ ς Quinta João de Ourém) 

and in M19 (Campina de Faro ς Subsystem Faro); and chloride in M18 (Campina de Faro ς Subsystem 

Vale de Lobo). 

Groundwater is used in the Campina de Faro aquifers for the golf, tourism, and agriculture sectors, 

with current abstraction in M18, M19 and M11 estimated at 12.80 Mm3/year, whilst long term annual 

recharge for these aquifers is estimated to be significantly lower at only 8.83 Mm3/year. Consequently, 

the annual water balance deficit in the Campina de Faro is large, with M18 (4.10 Mm3/year), M19 (1.35 

Mm3/year) and M11 (0.29 Mm3/year) affected (APA 2020), leading to declining water levels and SWI 

in places. 

4.1.1.2 Campina de Faro nitrate contamination 

Aquifer contamination by fertilizers has been of concern for aquifers in South Portugal since the 1980s, 

particularly for the Campina de Faro aquifer system, where nitrogen fertilizers used in agriculture 

represent the largest diffuse pollution threat to groundwater quality (Stigter et al. 2013). The Nitrate 

Directive and WFD resulted in the implementation of measures by the regulatory agency, such as 

ŜƴŎƻǳǊŀƎƛƴƎ ƎƻƻŘ ŀƎǊƛŎǳƭǘǳǊŜ ǇǊŀŎǘƛŎŜǎ ǘƻ ŀŎƘƛŜǾŜ ΨƎƻƻŘΩ ŎƘŜƳƛŎŀƭ ǎǘŀǘǳǎΦ IƻǿŜǾŜǊΣ ƎǊƻǳƴŘǿŀter 

quality has not improved significantly since the implementation of these measures, and well-defined 

nitrate contaminant plumes are slowly heading towards the Ria Formosa coastal lagoon (an EU-

designated special site), with evidence of decreasing concentrations of nitrates in the northernmost 

region and increasing concentrations in the southern part of the region (Stigter 2005; Diamantino 

2009; Stigter et al. 2011, 2013; Lobo Ferreira et al. 2016). 

The observed nitrate concentrations in 2016 at the 91 groundwater quality monitoring points (from 

APA official network and MARSOL project) are presented in Figure 4. Of these, 65 exceed the threshold 

value of 50 mg/l (Costa et al. 2020). 
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Figure 4. Observed nitrate concentrations and piezometric levels from May 2016 according to observation points 
from the Environmental Protection Agency and the MARSOL sampling campaigns. From Costa et al. (2020). 

 

4.1.1.3 Risks of seawater intrusion 

Current groundwater extraction is estimated at 6.45 Mm3/year (APA 2020) in the Vale do Lobo sector 

(M18), whilst long term recharge is 3.46 Mm3/year. Groundwater from this coastal aquifer has been 

used extensively for irrigation over the last 50 years, for golf, tourism, and agricultural purposes. 

Consequently, hydraulic heads are now well below sea level across much of the aquifer as shown in 

Figure 5 (A), and several boreholes can no longer be used due to high chloride concentrations. Time 

series from three boreholes with the longest period of record are shown in Figure 5 (B), indicating that 

ƘȅŘǊŀǳƭƛŎ ƘŜŀŘǎ ǿŜǊŜ ŀƭǊŜŀŘȅ ŘŜŎƭƛƴƛƴƎ ŘǳǊƛƴƎ ǘƘŜ мфулΩǎΣ Ǉƻǎǎƛōƭȅ ǊŜŀŎƘƛƴƎ ŀ ƴŜǿ ŜǉǳƛƭƛōǊƛǳƳ ǎƛƴŎŜ 

ǘƘŜ ƭŀǘŜ мффлΩǎ ǿƛǘƘ higher seasonal variation. 

 
Figure 5. Hydraulic head contours from semi-confined aquifer, October 2018 (A); Selected hydraulic head time 
series at piezometer locations 606/647 (semi-confined), 610/179 (semi-confined), and 610/180 (phreatic) (B). 
From Standen et al. (2022). 
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