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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. Globally, water resources are increasingly 

under pressure. MAR offers the potential to buffer water resource availability and meet demands in 

periods of water scarcity. Consequently, the uptake of this technique will likely soar in the next decades 

due to current pressure on water resources and the consequences of climate change, requiring highly 

trained practitioners that can provide the knowledge and know-how on MAR implementation. The 

present report is part of the Managed Aquifer Recharge Solution Training Network (MARSoluT ITN, 

2019-2023), which aimed to train experts in MAR.  

The report deals with the objectives of work package four (WP4) of the MARSoluT project and aims at 

helping to improve water quality by optimising MAR design at active MAR sites in Spain. The report 

tackles four knowledge gaps on MAR in relation to water quality: (i) the need for a review of current 

regulations on MAR and how they use Maximum Allowable Concentrations (MACs) to prevent water 

pollution during MAR; (ii) a discussion on the current challenges for MAR water quality; (iii) the lack of 

a conceptual model that can help in the creation of regulation, rules, and guidelines on MAR; and (iv) 

the need for testing the efficacy of MACs at the national level with a focus on Spain. 

Although this report focuses on Spain, it does not restrict its development to this country and has a 

relatively broad scope, providing solutions for MAR worldwide. The methodologies in the current 

report are mostly based on literature review of scientific, technical and regulatory documents and the 

exploitation of published and unpublished water quality analyses and water quality standards involving 

MAR. 

For the first knowledge gap, a comprehensive review of existing regulations and guidelines for MAR 

was conducted, and an analysis of MACs in water quality standards from diverse sources globally was 

completed. To respond to the second knowledge gap, a discussion on modern water quality challenges 

for MAR is provided, including the context, history, future and the need for a risk-based approach. 

The Monitored and Intentional Recharge (MIR) conceptual model is a response to knowledge gap 

three, comprising a set of nine blocks that elaborates on the most critical aspects that must be con-

sidered to draft MAR regulations and guidelines. This section also entails a series of recommendations 

directed to future regulations on MAR, including developing a common terminology with legal impli-

cations, considering a permitting process, new legal development, the inclusion of budgetary aspects, 

regard to the technical background for authorisation, and the fact that water standards for MAR must 

be designed at the aquifer level. 

The fourth knowledge gap was addressed through an analysis of source water quality in MAR sites in 

Spain and a comparison between them and three European MAC-based standards (Italy, Spain, and 

the Netherlands) to evaluate the efficacy of MAC in dealing with water pollution at MAR sites. This 

section showed the high variability in terms of water quality at 11 MAR sites and the inadequacy of 

MAC-based standards to control pollution while allowing for MAR implementation at the national or 

European levels. This sort of standard could be useful aquifer-wide. This analysis also concluded that 

focus on quality should be given to the final quality of the water after MAR rather than the original 
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water quality, and that the attenuation processes in the saturated and unsaturated zones should be 

regarded. Finally, biochar, a promising low-cost material to remove multiple pollutants during MAR, 

has been thoroughly studied.  

This report also emphasises that, nowadays, MAR is an option, but in the future will likely become a 

necessity, and that there is a need to continue investing in (1) applied research to improve insights into 

the development of freshwater cones in saline environments, (2) define measures to increase the 

efficiency of MAR systems and social acceptance, and (3), consider the beneficial impact of the 

unsaturated and saturated zones. 
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мΦ LƴǘǊƻŘǳŎǘƛƻƴ 

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

aimed at training 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 submitted to the European Com-

mission. The WPs and PhD researches give answers to knowledge gaps detected by the consortium 

and, in some cases, continue an active line of research started in previous projects, notably the FP7 

MARSOL project (www.marsol.eu1). This deliverable (D4.3) is part of WP4 and deals with MAR design 

and construction criteria. Its specific objectives are: 

1. Implementation of monitoring systems. 

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

3. Improving 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. 

The objective of WP4 is reflected in the report title and aims to provide design and conceptual solutions 

that can help to optimise MAR performance with a focus on Spain. 

Four knowledge gaps and an opportunity were identified as adequate research for MARSoluT and this 

report. The first knowledge gap entails the regulatory framework for MAR. In 2016, MAR was carried 

out in 62 countries, according to Stefan & Ansems (2018). To date, the number of countries that have 

created regulatory or guiding documentation for MAR is only around 16. Regulating MAR is crucial for 

successful experiences. An irresponsible praxis can lead to issues such as water logging and ground-

water contamination. Furthermore, an issue concerning water quality and MAR is the fact that some 

of the existing regulatory frameworks are too stringent, deterring new projects (e.g., the Spanish 

regulation), or too permissive, failing to control pollution effectively. 

The second knowledge gap is a sound discussion of the main modern water quality challenges for MAR 

and some insight into how to move forward. 

The third gap addressed is the lack of guidance on the main aspects to consider when producing 

documents that aim to regulate or guide MAR implementation. As mentioned above, several countries 

have created regulations on MAR, but no documents at a higher abstraction level are available. 

                                                           

1 Accessed on 19/01/2023 
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The fourth gap identified is the lack of available information on the types of source water quality for 

MAR across Spain and whether it is adequate to regulate artificial recharge by a national standard 

based on maximum allowable concentrations (MACs) of critical water constituents.  

The opportunity developed in this report is exploring the potential of biochar to improve water quality 

in MAR water-spreading methods (e.g., infiltration basins and channels). This material is relatively 

cheap, can be produced from easily available organic detritus and by-products, and shows great 

potential to remove pollutants in water and soils. 

Based on these gaps and opportunities, this report develops the following research lines:  

1. A review of the existing regulations and guides for MAR, with a focus on MAR. This review 

includes the latest topic on water quality for MAR, such as wastewater reuse and compounds 

of wastewater. 

2. A discussion on pressing issues on water quality for MAR. 

3. Recommendations and a conceptual model for creating new regulations and guides on MAR. 

4. A study on the different water quality types found in Spain's source water of MAR systems. 

5. A white paper on the potential of biochar for MAR will lay down the basis for future research. 

The structure of the present deliverable is the following: the report starts with objectives, followed by 

Section 3, which deals with research line 1 and presents a review of the regulations and guidelines 

concerning water quality for MAR. The following section (Section 4) discusses modern water quality 

challenges for MAR (knowledge gap 2). Subquesently, Section 5 involves the third research line by 

providing recommendations for regulations and guidelines and introducing the Monitored and Inten-

tional Recharge (MIR) conceptual model. A review of the water quality of MAR water sources in Spain 

(research line 4) is provided in Section 6. The literature review on biochar focusing on MAR, which 

corresponds to the opportunity (research line 5), is presented in Section 7 and in Annex 1. This report 

finalises with Conclusions and Recommendations (Section 8) and References (Section 9). The Annex 

fully develops the topic briefly introduced in Section 5. 
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нΦ hōƧŜŎǘƛǾŜǎ 

The main objective of this report is to help improving water quality by optimising MAR design at active 

MAR sites in Spain. To accomplish the aims, there are four specific objectives: 

1. Reviewing the state-of-the-art in MAR regulations for water quality worldwide. 

2. Providing recommendations and conceptual models that can help producing new regulation 

and guidelines for MAR. 

3. Studying source water quality for MAR at active MAR sites in Spain. 

4. Exploring the potential of biochar to improve water quality for MAR.  

These targets somewhat expand the description of Deliverable D4.3's content as initially defined in the 

project's work plan (MARSoluT Grant Agreement). 
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оΦ wŜǾƛŜǿ ƻŦ wŜƎǳƭŀǘƛƻƴǎ ŀƴŘ DǳƛŘŜƭƛƴŜǎ /ƻƴŎŜǊƴƛƴƎ ²ŀǘŜǊ vǳŀƭƛǘȅ 

ŦƻǊ a!w 

The first step toward proper management of MAR systems and control on water quality is the estab-

lishment of regulations and rules. The existing documents that guide and rule the operation of MAR 

have been reviewed in the framework of the MARSoluT project (Fernández Escalante et al. 2020, 

2022). After a careful evaluation of these documents, two proposals have been developed: a series of 

recommendations on water quality control for artificial recharge (= MAR) (Fernández Escalante et al. 

2020), and a conceptual model containing the most relevant aspects to bear into consideration when 

drafting MAR guidelines (Fernández Escalante et al. 2022). This section presents the preliminary ana-

lysis of MAR guiding or regulating documents. Table 1 and Figure 1 show the documents reviewed and 

their geographical distribution, respectively. 

 

Table 1. Regulation, guidelines and operator rules for managed aquifer recharge. Modified from Fernández Esca-

lante et al. (2022). 

Country Scope Soft/hard Type Year MACs 
MAR techniques 

involved 

Arizona (USA) Regional Hard Guidelines 1994 

 

ASR, basins 

Australia National Soft Guidelines  2009 X ASR, basins 

Brazil National Soft Regulation 2019 

 

  

California (USA) Regional Hard Guidelines 2012 X ASR, SAT-MAR 

Chile National Soft Regulation  2013 

 

Multiple 

China National Soft Guideline 2014 

 

  

Florida (USA) Regional Soft Guidelines 1999 X ASR, basins 

India National Soft Draft Guidelines  2014 

 

Multiple 

Italy National Hard Regulation  2016 X RBF*** 

Mexico National Hard Regulation 2003, 2009 X Basins 

Windhoek 

(Namibia) 

Local   Guidelines, regulation 

proposal 

2004 

 

Basins, interdunal, ASR 

New Zealand National   Technical guidance 2017 X   

Portugal National Hard Regulation 2000 

 

Multiple 

South Africa National Hard Regulation draft 2004 

 

Basins, ASR 

Spain National Hard Regulation  2007 X SAT-MAR (reuse) 

Thailand National Hard Guideline 2022 ?   

The Netherlands National Hard Regulation (under 

review) 

1993 X SAT-MAR, dunes, ASR 

The Shafdan (Israel) Local-

National** 

Hard Operator rule 1966 X SAT-MAR, basins 

Torreele (Belgium) Local Hard Operator rule 2012 X SAT-MAR, dunes 

USA National Soft Regulation  1974 X ASR, AR 

WFD International Soft Regulation  2000 

 

Basins, ASR 

WHO guidelines International Soft Guidelines  2001 

 

SAT-MAR(reuse) 
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Figure 1. Geographical distribution of countries and regions with guidelines on MAR. Modified from Fernandez 

Escalante et al. (2020). 

 

The preliminary review of documents on MAR will be structured from the international to the local 

levels. All text between quotation marks has been taken from Fernández Escalante et al. (2020). 

 

3.1 International level 

3.1.1 The Water Framework Directive (2000/60/CE, WFD) 

"The EU has adopted a suite of legislation that aims at protecting and managing European water 

bodies. This task began in 1975 with a Directive 75/440/EEC on surface water quality for drinking water 

abstraction (Council of the European Communities 1975). Groundwater had to wait four years more 

to receive attention, which came with the Directive 80/68/EEC (Council of the European Communities 

1979) on the protection of groundwater against pollution caused by a group of dangerous substances. 

Subsequently, the WFD (2000/60/CE) set the first effort to regulate both surface water and ground-

water, and their interaction. This effort was broadened through the Guidance Document 17 (European 

Commission 2007). The text of the 2000/60/ CE contains, at least, five direct references to "artificial 

recharge" and "reuse" in its articulate. The Article 11(3) (f) introduces a requirement for prior autho-

risation subjecting MAR to a preventive and limited assessment (in line with Article 4(1) (b) (i)) to 

ensure that the activity does not hamper its environmental objectives. It demands "controls, including 

a requirement for prior authorisation of artificial recharge or augmentation of groundwater bodies" 

and that "these controls shall be periodically reviewed and, where necessary, updated" (MARSOL 

2015; European Commission 2012). In short, the WFD impels EU Members to achieve a good 

qualitative and quantitative status of groundwater bodies. Consequentially, the quality standards of 

water sources used for MAR are not directly, but indirectly regulated, looking at the effect of MAR on 

groundwater bodies. 
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The Groundwater Directive 2006/118/EC (European Parliament and Council of the European Union 

2006), in its Article 6(3) (d), develops additional regulations in the form of an exemption to those MAR 

activities permitted under the WFD. It also considers MAR technologies as a possible measure to 

achieve the "good status" objectives for water bodies. However, the WFD does not specify implement-

tation strategies, or adopts a limit value approach, but provides strategies to establish good qualitative 

(ecological and chemical) and quantitative status of all water bodies. The WFD/GWD requires the 

achievement of good groundwater qualitative status, including the prohibition of local deterioration. 

Only a few standards available (nitrate, ammonium, iron, etc.) for MAR are regulated (MARSOL 2016a). 

The catalogue of priority substances in the field of water policy was released in the Directive 

2013/39/CE (European Parliament and Council of the European Union 2013), which was a pioneering 

text regarding pollutants and water quality standards in Europe, applicable also to MAR. It also includes 

a document for the implementation of the Directive 91/271/EEC (Council of the European 

Communities 1991) concerning Urban Waste Water Treatment and possibilities for further reuse. The 

referred parameters form part of a "minimum list" of quality standards and threshold values, and 

Member States are bound, through the risk assessment undertaken as part of the development of 

River Basin Management Plans, to agree to the monitoring of this minimum list of parameters when-

ever a specific risk is identified. It should also be mentioned the Directive on Environmental Impact 

Assessment 85/337/EEC (2014/52/EU update) which outlines guidelines for MAR schemes larger than 

10 Mm3." 

3.1.2 World Health Organization (WHO) 

"The WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater, third edition, have been 

published in four volumes which describe policy-related issues (vol. 1), wastewater reuse in agriculture 

(vol. 2), and aquaculture (vol. 3) and the use of excreta and greywater in agriculture (vol. 4). These 

guidelines establish a framework, which allows assessing socio-cultural, environmental, economic and 

policy aspects of "aquifer recharge", including public health risk, risk assessment, regulation, public 

concerns and communication chapters, and paying special consideration to the reuse of reclaimed 

water (Yuan et al. 2016). Finally, they encourage countries to adapt the guidelines to "their own social, 

cultural, economic and environmental conditions" (Ensink & van der Hoek 2009). They are deemed as 

less strict than those existing in some USA states and in the EU (Yuan et al. 2016). The approach is 

international, and the guidelines are primarily used in developing countries and as a baseline in juris-

dictions without any specific MAR regulation." 

3.1.3 European guidelines for water reuse 

In August 2022, the European Commission published the "Guidelines to support the application of 

Regulation 2020/741 on minimum requirements for water reuse" in the journal of the European Union. 

These guidelines "seek to facilitate and encourage the practice of reusing water for irrigation in agri-

culture" (European Commission 2022). The guideline provides rules for two main aspects:  

¶ A uniform set of water quality requirements for safely using treated wastewater from urban 

environments in the agricultural and irrigation context. The water quality requirements in the 

document imply that water intended for agricultural reuse must undergo treatment beyond the 

level set forth by Directive 91/271/EEC, which governs urban waste water treatment. 
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¶ A risk management approach that addresses potential health and environmental risks, minimum 

monitoring requirements and rules for permitting and information transparency, borrowing 

some aspects from the Australian guidelines for MAR. 

Some comments on these guidelines and a hypothetical European directive for MAR were developed 

in the article by Fernández Escalante et al. (2021). 

 

3.2 National level 

3.2.1 Brazil 

"The National Water Resources Council (CNRH) Resolution 153/2013 regulates MAR at the national 

level as defined in article 2: "unnatural introduction of water into an aquifer, by planned anthropic 

intervention, by the construction of structures designed for this purpose". This resolution requires 

MAR projects to have a license from the State Water Management body Authority and studies which 

certify its technical, economic, health and environmental feasibility (article 5). Another requirement 

outlined in this resolution is that recharging water must not compromise the aquifer water quality. 

After the implementation of MAR, the legal officer must maintain a Good Practices Register System 

(article 9)." 

Shubo et al. (2020) provide an overview of managed aquifer recharge in Brazil, providing a review of 

laws at the federal and state level. At the federal level, four legal documents dealing with groundwater 

mention MAR. Between 2001 and 2008, several resolutions by the Water Resources National Council 

provided the national regulatory framework for MAR, which requires, as stated in the text above, no 

changes in the native groundwater quality, monitoring and permitting.  

The same authors compile laws at the state level, which have been developed predominantly in semi-

arid regions of the country. State rules for MAR comply with the national requirements and, in some 

cases, are more stringent. Shubo et al. (2020) highlight the legal framework for MAR in Pernambuco 

and Ceará, which promote MAR through tax rebate schemes. 

3.2.2 Chile 

"The "Decreto 203 - Reglamento Sobre Normas de Exploración y Explotación de Aguas Subterráneas" 

(Decree 203 - Regulation on Norms for the Exploration and Exploitation of Groundwater) (Ministerio 

de Obras Públicas 2014), in its articles 47 and 48, "regulations on standards", rules the authorisation 

and the permit systems and defines the required monitoring during MAR operations. Nevertheless, 

this decree does not provide any water quality standard." 

The Chilean National Irrigation Commission from the Ministry of Agriculture and SCIRO Chile have also 

developed a methodological guideline on the operational framework for MAR projects (CNR & SCIRO 

2020). It is intended to provide irrigation organisations, such as water users, with an overview of poten-

tial MAR methods to increase groundwater availability. The document is scoped to scheme recharging 

unconfined aquifers, diverting surface water as source water for MAR, and irrigation as the final use. 

This guideline elaborates on MAR methods and their technical aspects (costs, water source, design and 

construction, etc.). 
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3.2.3 Italy 

"In this country, under the "Decreto 2 maggio 2016, n. 100" όaƛƴƛǎǘŜǊƻ ŘŜƭƭΩ!ƳōƛŜƴǘŜ Ŝ ŘŜƭƭŀ ¢ǳǘŜƭŀ 

del Territorio e del Mare, 2016) regulation, aquifer recharge is allowed for improving the quality status 

of the groundwater bodies as per the WFD, and as far as the water employed comes from water bodies 

which are in good chemical status still according to the WFD/GWD. Recharge is only allowed for 

groundwater bodies not in good status, or for groundwater bodies in good status but with a 

standing/negative trend in the presence of pollutants. As per the source water, which can only come 

from surface water or groundwater bodies in good chemical status, this regulation considers the 

maximum concentration allowed for several substances and parameters (PADs) as defined in the WFD 

and the Groundwater Directive. Therefore, these quality standards are well adapted to Riverbank 

Filtration (RBF) and infiltration basins specially allocated near the riverbanks. The Italian regulation 

also requires one-year monthly hydrodynamic and hydrochemical characteristics monitoring of the 

aquifer and the donor water body, not only during project design, but during MAR system operation, 

establishing a quality baseline. Besides, the regulation requires continuous high-frequency monitoring 

during MAR operations in order to stop operations in case of quality failure. The regulation mentions 

for its application MAR technologies such as, but not limited to, spreading methods, recharging wells, 

riverbank filtration, forested infiltration areas, etc. A review on the implementation of MAR in Italy can 

be found in Rossetto & Bonari (2014) in Acque Sotterranee, Italian Journal of Groundwater special 

issue on MAR (Vol 3, no 3, 2014)." 

3.2.4 Mexico 

"The "Norma Oficial Mexicana NOM-014-CONAGUA-2003" (Official Mexican law norm NOM-014-

CONAGUA-2003) (Conagua 2009) establishes a water quality standard with maximum allowed values 

for 95 different compounds and parameters. The "Norma 15" addresses the MAR methodology 

without any mention to PAD (Conagua 2009). This law concerns treated wastewater and river water 

as sources and addresses infiltration ponds. The final use of water entailed is, generally, irrigation." 

3.2.5 Portugal 

"The Decree-Law 69_2000 of the Ministerio do Ambiente e do Ordenamiento do Territorio (2000) 

specifies the necessity of an environmental impact assessment for "Groundwater abstraction or arti-

ficial recharge of groundwater where the annual volume of water abstracted or recharged is equivalent 

or greater than 10 million m3/year". The Water Law (Lei 58_2005) (Assembleia da República, 2005) has 

a reference to MAR in article 30-3: "tǊƻƘƛōƛǘƛƻƴ ƻŦ ŘƛǊŜŎǘ ŘƛǎŎƘŀǊƎŜǎ ƻŦ Ǉƻƭƭǳǘŀƴǘǎ ƛƴ ƎǊƻǳƴŘǿŀǘŜǊ Χ 

and control of artificial recharge of groundwater, including the establishment of a licensing regime". 

Therefore, there are no PADs published, but this decree outlines the intention of a proper regulation 

to address them." 

In December 2022, the Portuguese national Assembly issued the "Resolução da Assembleia da Repúbli-

ca n.º 86/2022, de 26 de dezembro" (Resolution of the Assembly of the Republic no. 86/2022, of 26 

December), a resolution that "recommends the Government to encourage artificial recharge of aqui-

fers to enhance water efficiency". 
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3.2.6 Thailand 

In 2022, the Ministry of Natural Resources and Environment of Thailand developed "the Standard 

Guidelines for Artificial Groundwater Recharge" (Department of Groundwater Resources (DGR) 2022), 

a document that is expected to tap into the country's potential to increase groundwater availability 

through MAR. 

3.2.7 The Netherlands 

"The Infiltratiebesluit Bodembescherming (Infiltration Decree Soil Protection) (Minister van Volkshuis-

vesting, Ruimtelijke Ordening en Milieubeheer, 1993), updated in 2009, sets forth 65 maximum 

allowed values for water infiltration through the soil from a surface water body. Additionally, it lists a 

series of compounds which might be hazardous and gives the provincial executive the competences to 

rule over these compounds when they are not in negligible concentrations. This regulation additionally 

considers the end of an infiltration scheme and requires an assessment of the impacts on the soil. If 

the impacts are negative, remediation is compulsory. This case is a good example of how the high level 

framework outlined in the WFD and GWD is applied. In particular, these parameters should have been 

identified as part of the risk assessment undertaken during the development of River Basin 

Management Plan (risk to achieve good qualitative status). This decree is currently under a new 

revision. The water source implied is treated wastewater; the MAR technologies addressed are ASR 

and interdune infiltrations and the final uses of water are irrigation, wetlands restoration and the 

avoidance of saline water intrusion." 

3.2.8 USA 

"The Underground Injection Control Regulations and Safe Drinking Water Act Provisions (US EPA 1974) 

are a collection of rules which apply to every state in the USA unless a state has its own and more strict 

regulation (Dillon et al. 2019). One of its objectives is to prevent the endangerment of underground 

water drinking sources as a consequence of water injection through wells (Maliva, 2020). Therefore, 

this normative considers MAR systems such as ASR and Aquifer Recharge (AR). It rules the approval 

and permitting of water injection schemes, as well as their design and operation standards definition. 

It controls drinking water pollution through maximum contaminant thresholds, which might be deter-

mined at the wellhead or some distance away from it, recognising the removal of pollutants through 

the soil natural attenuation capacity (Maliva 2020). An updated list of the water quality standards for 

the recharging water (US EPA 2019) is provided in the Annex." 

 

3.3 Regional level 

3.3.1 Arizona (USA) 

"This section of the Title 45 (water) belonging to the Arizona statute, sets the definition, mechanism 

and process to obtain permits of groundwater recharge and Aquifer Storage and Recovery (ASR) 

(Arizona State Legislature 1994). Additionally, this law defines the ownership of the artificially stored 

water in the aquifer (Dillon et al. 2019). The water sources considered are treated wastewater, river 

and rainwater; the guidelines are directed to borehole injection in ASR schemes, infiltration ponds and 

canals, and the final use of water is varied, with particular regard to the irrigation of golf courses." 
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3.3.2 California (USA) 

"The "Groundwater Replenishment Using Recycled Water" law explicitly addresses the low-threat ASR 

projects. It defines the permitting process, the requirements and the water quality standards in water 

injected and recovered from aquifers (State Water Resources Control Board 2012). Furthermore, the 

California Department of Public Health (2014) has established a series of rules regarding the replace-

ment of groundwater with recycled water. These include multi-barrier criteria to ensure the safety of 

the recovered water, hearings before the implementation of a project of this nature and the concept 

of dilution to remove pollutants reducing the necessity of upgrading wastewater reclamation projects 

(Yuan et al. 2016). It also requires pilot-testing before full-scale implementation. The water quality 

standards presented in the Annex correspond to those in the Draft Proposed Groundwater Recharge 

Regulation (State of California, 1993). The water sources considered are treated wastewater, river and 

rain water; the MAR technologies addressed are borehole injection (ASR), infiltration ponds and canals, 

and the final uses of water are multiple." 

3.3.3 Florida (USA) 

"The regulation Reuse of Reclaimed Water and Land Application sets the requirements to recharge 

aquifers with reclaimed water via injection wells or infiltration basins (Florida Department of Environ-

mental Protection 1999). For example, for spreading basins, it requests a minimum of secondary 

treatment and disinfection. For injection wells, the water quality requirements and the pre-treatment 

are a function of the quality of the native groundwater (Yuan et al. 2016). Furthermore, these water 

quality standards involve the treatment capacity of the infiltrating medium as well (National Research 

Council 1998). Apart from controlling reclaimed water reuse, the state of Florida also regulates how to 

caution areas with water supply problems, and to meet the needs with reclaimed water to a certain 

extent (National Research Council 1998). The source of water encompassed by this regulation is 

treated wastewater; the MAR technologies addressed are borehole injection (ASR) and infiltration 

ponds, and the final uses of water are multiple." 

 

3.4 Local level 

3.4.1 Torreele (Belgium) 

"The Torreele wastewater treatment plant infiltrates effluents through the dunes of the St. André 

Watershed, constituting a SAT-MAR project. Before infiltration, water is subject to membrane filtration 

techniques, which account for the stringent water quality standard set in the project. Such standard 

consist of a collection of nine parameters applied in the whole Flanders Region (Van Houtte 2005), 

with specific settings. The water source considered is treated wastewater, the MAR technologies 

addressed by the rules are wells and dunes, and the final use of water is the indirect potable re-use 

through artificial recharge of the dune aquifer of St-André." 

 

3.4.2 Windhoek (Namibia) 

"A draft of water quality standards and regulations are being set by the municipality of Windhoek, the 

local water supplier in charge of the MAR system and the water affairs department. This draft 
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establishes water quality guidelines with MACs for six parameters, namely dissolved organic carbon 

(DOC), assimilable organic carbon (AOC), electrical conductivity (EC), chloride, sulphate and nitrite/ 

nitrate. It also set forth a series of principles which must be complied. For instance, MAR should not 

have a significant negative impact or bring about health risk for the residents in city (GRN 2020). The 

water sources entailed are multiple (e.g. river water and rainwater); the MAR technologies considered 

are primarily wells (ASR), and interdune infiltration ponds. The intended end uses of the water are 

irrigation and environmental purposes." 

3.4.3 The Shafdan (Israel) 

"The Shafdan is a SAT-MAR project in which water from the metropolitan area of Tel Aviv (Israel) is 

reclaimed by way of a wastewater treatment plant and infiltration basins (Goren et al. 2014). This 

project, which started in 1963, has set 25 MACs, specifying the quality that water must comply prior 

ǿƛǘƘ ƛƴŦƛƭǘǊŀǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ ǎƻƛƭΦ LǎǊŀŜƭΩǎ bŀǘƛƻƴŀƭ ²ŀǘŜǊ /ƻƳǇŀƴȅΣ aŜƪƻǊƻǘΣ Ƙŀǎ ŀ ŎŜǊǘŀƛƴ ŎŀǇŀŎƛǘȅ ƻƴ 

regulations drafting and applies these quality standards in all the MAR projects in the country, whilst 

their proposed list of MACs is finally regulated by the government. The water source is primarily 

treated wastewater and to a minor extent desalinated water. The MAR technologies involved are 

infiltration ponds and ASR, and the final uses of water are irrigation, services for the city and barriers 

against saline water intrusion." 

 

3.5 Spanish level 

3.5.1 MAR in Spain 

"The Royal Decree 1620/2007 for water reuse (BOE 2007) is specifically designed for water reuse. It 

stipulates the water quality standards in MAR considering two situations, either direct percolation 

(surface recharge using the unsaturated zone as a natural filter) or direct recharge (i.e. injection), either 

in the unsaturated area at a certain depth (not specified) or directly below the phreatic level. The water 

quality standards comprehend six parameters, with a particular focus on biological compounds, given 

the origin of the water (wastewater treatment plants). The water sources are treated wastewater, river 

and rainwater; the main MAR technologies encompassed are infiltration ponds and canals, and even-

tually injection boreholes. The intended end use of water is irrigation, and in some cases, water supply 

for big cities." 

At the moment this deliverable has been released, Spanish Government is about to publish the modi-

fied version of the Water Act (Law 29/1985, modified in the Royal Legislative Decree (Real Decreto 

Legislativo or RDL 1/2001)), and of the regulation implementing it, Royal Decree 849/1986 (RDPH). 

After the period of public participation (with contributions from MARSoluT consortium members), 

some MAR-related modifications are expected, e.g. the term "gestionada" (managed) is proposed as 

a synonym of "recarga artificial" or artificial recharge. 

MARSoluT members proposed to include a point 5 in the article 258.3 of the Water Act, literally "Any 

surplus water volume of appropriate quality shall be suitable for managed (or artificial) aquifer re-

charge". This point was also proposed for the Peruvian water regulations, and is expecting a top ran-

king decision makers' final decision. 
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According to the draft of the Spanish Groundwater Action Plan 2023-2030 (currently in draft version 

and under public participation period), MAR is still slightly considered in Spanish regulations. The MACs 

limits published in the Royal Decree 1620/2007 for water reuse and artificial recharge are expecting 

the publication of the imminent Directive about "artificial recharge and water reuse for agricultural 

uses".  

According to the Regulation (EU) 2020/741 of the European Parliament and of the Council of 25 May 

2020 on minimum requirements for water reuse, cradle of the future water reuse and artificial 

recharge Directive, MACs are not considered any longer at European Level, being regulations rather 

based in risk assessment approaches, and (apparently) an excessive application of the precautionary 

principle. 

In summary, future or even imminent Spanish water regulations include: 

Background on MAR in the Spanish regulatory framework, and how water quality is regarded avoiding 

MAC limits and in consonance with the rest of the EU members. Meanwhile limits are established for 

spills, applying very stringent maximum allowable concentrations (MACs). 

Water reuse in Spain and its relation to MAR included in the Water Act and RDPH (revised), in the 

National Water Reuse Plan 2010-2015, and in the National Plan for Purification, Sanitation Efficiency, 

Saving and Reusing (DSEAR). 

Review of the novel Spanish Groundwater Action Plan 2023-2030, which will be published in the next 

few weeks, and it considers MAR briefly, appearing the term "recarga artificial o gestionada" three 

times: 

a. Pg. 63: Artificial or managed aquifer recharge, in its many different forms, is one of the techni-

ques to be valued in water resources management. 

b. Pg. 76: Consideration and appropriate regulatory treatment of artificial or managed aquifer 

recharge. 

c. Pg. 90 (repeated): Consideration and appropriate regulatory treatment of artificial or managed 

aquifer recharge. 

Therefore, Managed Aquifer Recharge application must improve within Spanish water-related regula-

tions, due to the fact that its consideration is still below current water management necessities, and 

specially, below the climate change´s adaptation demands. 

3.5.2 Wastewater reuse in Spain 

Two policies have focused on promoting wastewater reuse at the national level. The first of these 

policies was the National Water Reuse Plan (2010-2015), which tried to involve regional and river basin 

authorities towards building infrastructure and capacity for wastewater reuse. Among other object-

tives, this plan aimed at creating financial instruments to promote wastewater reuse, replace the 

source of concessions from conventional to treated wastewater in cases of non-potable use, promote 

good practices, and raise awareness about the benefits of using recycled water. All these objectives 

had to consider the WFD (European Parliament and Council of the European Union 2000), which 

commands the good status of water bodies in the EU (Jodar-Abellán et al. 2019). 

https://www.miteco.gob.es/es/agua/participacion-publica/Plan_Accion_Aguas_Subterraneas_2023_2030.aspx
https://boe.es/buscar/doc.php?id=BOE-A-2007-21092
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32020R0741
https://www.miteco.gob.es/es/agua/temas/planificacion-hidrologica/planificacion-hidrologica/planes-programas-relacionados/
https://www.miteco.gob.es/es/agua/participacion-publica/Plan_Accion_Aguas_Subterraneas_2023_2030.aspx
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In 2021, the National Plan for Purification, Sanitation Efficiency, Saving and Reusing (NPPSSR) was 

enacted by the national government (MITERD 2021). This plan constitutes a response to a series of 

opportunities to improve sanitation and water reuse in the country. One of its pillars is to promote 

wastewater reuse, stating that "The priority objective is to favour the use of these non-conventional 

resources in substitution of resources of other origins that are other resources that are applied to 

existing uses, mainly irrigation, and whose extraction puts pressure on the environment". Among other 

objectives, this plan also aims to analyse the potential for water reuse in Spanish river basins and its 

impact on the allocation and reserve of water resources; to prioritise reuse actions aimed at achieving 

the good status of water bodies; to improve the regulatory and financial framework for reuse (Revision 

and adaptation of RD 1620/2007 to Regulation 2020/741); to develop a section dedicated to reusing 

on the MITECO website; and to carry out a communication campaign on consuming recycled water 

(MITERD 2021). 

Water reuse started in Spain in 1970 in Las Palmas (Canary Islands) with effluent from the Barranco 

Seco wastewater treatment plant. The additional water was used in agricultural irrigation (Jódar-

Abellán et al. 2019). Ever since, wastewater reuse in Spain has increased, driven by water scarcity and 

the over-allocation of conventional water sources. The total national volume of water reuse rose until 

2005, when it stabilised at around 500 Mm3 (Figure 2). However, in 2018, the volume of treated waste-

water (481 Mm3) was considerably below the targeted volumes by the National Plan for Water Reuse 

which were 998 and 1,403 Mm3 in 2015 and 2021, respectively (MITERD 2021). Nonetheless, Spain is 

the European Union country with the largest share of reused treated wastewater and ranks among the 

top ten globally (Jódar-Abellán et al. 2019). 

Moreover, the potential of Spain for wastewater reuse is the highest among European countries. It 

was estimated at 1,200 Mm3 per year in 2025 (AQUAREC). In economic terms, according to Pistocchi 

et al. (2017), Spain could provide more than 1,500 Mm3 of reclaimed water at a marginal cost below 

0.25 ϵκm3. 

 

 

Figure 2. Reused wastewater for Spain and three regions of the country. Own elaboration 

based on INE information. 
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Two regions of Spain stand out by the considerable percentages of wastewater reuse, namely Murcia 

and Valencia. Between 2000 and 2018, the share of recycled water in these regions increased by 3.4 

and 37 times, reaching 43% and 95%, respectively (Figure 3). 

 

 

Figure 3. Percentage of reused treated wastewater in Spain and a few of its regions. Own elabo-

ration based on INE information. 

 

The main final uses for recycled wastewater in Spain are agriculture (45%), parks and recreational area 

(36%), industry (10%), and the cleaning of sewerage and urban streets (7%) (Figure 4) (Jódar-Abellán 

et al. 2019). However, other sources point out that the actual figures for water reuse in agriculture 

could reach 70% and up to 80% when forest irrigation is taken into account (Jódar-Abellán et al. 2019). 

 

 

Figure 4. Primary uses of reclaimed water in Spain (Jódar-Abellán et al. 2019). 

 

Water reuse can be a great ally in improving sanitation. In Spain, there is a deficit in the investment for 

sanitation, especially in villages with middle to low populations. About 12% of wastewater lacks se-

condary treatment, and 34% requires more stringent treatment (OECD 2019). This lack of treatment 

breaches Directive 91/271/CEE (Council of the European Communities 1991), which establishes the 
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minimum requirements for the collection, treatment and disposal of wastewater in the European 

Union. 

Furthermore, wastewater treatment should be in line with the Water Framework Directive 

2000/60/CE (European Parliament and Council of the European Union 2000), which commands 

member states to guarantee water bodies' good quantitative and qualitative status. 

According to directive 91/271/CEE, small villages (<2,000 PE) require appropriate wastewater treat-

ment. "The treatment of urban wastewater by any process and/or disposal system which after 

discharge allows the receiving waters to meet the relevant quality objectives and the relevant 

provisions of this and other Community Directives" (Council of the European Communities 1991). Spain 

applies the same discharge limits set by Directive 91 /271/CEE for medium and large cities (>2,000 PE) 

and 3 million PE without coverage (Aragón et al. 2013).  

Small villages are particularly behind in terms of water sanitation. For instance, small villages constitute 

96% of the wastewater (WW) discharge points in Castile and Leon (CyL), and it's estimated that only 

40-50% of the population in these urban conglomerates have adequate sanitation (Huertas et al. 2013; 

Aragón et al. 2013). Some of the challenges for the implementation of wastewater treatment in small 

villages in CyL are: Numerous spread urban nuclei with small populations; scarce economic resources; 

some of these urban settlements are located within protected areas (more stringent quality require-

ments); more variability in discharge and contaminant concentration; less dilution of contaminants; 

around 50% of small villages don't count with WWT. However, small towns have a more negligible 

environmental impact overall as their contaminant load is lower than in areas with larger populations. 

In fact, 19 urban areas of CyL account for 60% of the region's water pollution (Huertas et al. 2013). 

Solutions coping with wastewater treatment in small villages in Spain should bear the following 

aspects: simplicity of operation, meaning that operation time, staff, training and technical require-

ments should be the lowest possible, as well as the number and use of electromechanical devices and 

facilities. The method employed should be able to treat a considerable amount of water and should 

comply with minimum quality requirements even when part of the system fails (García et al. 2001; 

Huertas et al. 2013). 

Some steps in the correct direction towards adequate sanitation are taking place. Between 2010 and 

2013, the Confederación Hidrográfica del Duero (CHD) built 14 pilot wastewater treatment plants in 

small villages in Castile and Leon, considering low-cost and flexible technologies. Some employed 

technologies included artificial wetlands, septic tanks, filter trenches, green filters, and lagooning 

(Primo 2013). The CHD and the Centro de Estudios y Experimentación de Obras Públicas (CEDEX) 

assessed eight of these projects for two years, concluding the adequacy and efficiency of the tested 

technologies2. 

Wastewater could become a reliable and plentiful source of water for MAR. Henao Casas et al. (2022b) 

explored the potential to conduct artificial recharge in the Los Arenales MAR sites in Spain using 

wastewater and diminishing reliance on surface water bodies. The following is the explanation of the 

methodology the authors used and their main findings: 

                                                           

2 https://www.chduero.es/proyecto-piloto-tratamiento-vertidos 
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"According to Representative Concentration Pathway (RCP) 8.5 climate projections by Guerreiro 

et al. (2017) and Cruz-García et al. (2016), the Douro River flow is expected to decrease by around 

71% in autumn and up to 91% in winter. A similar decrease could occur in the rivers providing water 

for MAR under the expected decline of precipitation by 5% in the Douro River basin. 

We estimate the volume of wastewater produced in the LAGB (Los Arenales groundwater body) that 

could be treated and recharged in the Los Arenales MAR systems, potentially replacing river water as 

the main source in the face of decreasing river flow. We consider two primary sources of wastewater: 

(i) household and industrial sewage and (ii) stormwater. We estimate the wastewater produced 

by industry and households in each municipality through Equation (1): 

VR =  VD P DF (1 ī SL) (1) 

where VR is the household and industrial sewage potentially available for reuse, VD is the average 

drinking water supply per inhabitant per year (170 litres/inhabitant day for urban areas with little 

commercial activity), P is the population, DF is the discharge factor representing the fraction of 

drinking water that goes into the sewage system (80%), and SL is the sewage system losses (15%). We 

estimate the reusable wastewater in the LAGB by adding the individual contributions of the 

municipalities in the region, computed through Equation (1). We obtain urban agglomerations in the 

LAGB and their corresponding populations from the 2018 Geographic Information Database of 

Reference Populations of the National Geographic Institute (IGN). 

We estimate stormwater as the product of the average annual precipitation and the urban area, con-

sidering paved surfaces such as roads and rooftops. We compute the average annual precipitation in 

the LAGB using Thiessen polygons and rainfall data between 1985 and 2020 from meteorological 

stations of the Spanish Meteorological Agency (AEMET) (2444, 2422, 2150H, 2503X, 2117D) and 

InfoRiego, a system for irrigation recommendation by the Spanish Ministry of Natural Resources and 

Environment Agriculture and the JCyL (SG01, SG02, VA102, VA03, VA06, AV01). We use three 

information sources to obtain urban area, resulting in three estimations of potentially recyclable 

stormwater: continuous and discontinuous urban fabric area from (i) SIOSE and (ii) CLC for 2014 and 

2018, respectively, and (iii) 85% of the urban agglomeration area reported in the Geographic Infor-

mation Database of Reference Populations by the IGN, assuming that the remaining 15% of the area 

corresponds to green urban spaces." 

"Our calculations indicate that there is likely 2.9 Mm3 yearī1 of wastewater from households and 

industries in the LAGB. We estimated recyclable stormwater at 19.9 Mm3 yearī1, 15.6 Mm3 yearī1, 

and 10.1 Mm3 yearī1, using IGN, CLC, and SIOSE urban area information, respectively. The total 

recyclable water lies between 22.8 Mm3 yearī1 and 13.1 Mm3 yearī1 (Figure 5). The potentially re-

usable wastewater is between 4.8 and 2.7 times the average MAR in the period 2002-2020 (Avg. MAR, 

Figure 5a, b). 

 



MARSoluT Enhancing Water Quality by Optimising MAR Design at Active MAR Sites in Spain 

Deliverable D4.3
 

24
 

 

Figure 5. άtƻǘŜƴǘƛŀƭ ǊŜŎȅŎƭŀōƭŜ ǿŀǎǘŜǿŀǘŜǊΥ όŀύ ƛƴ ŀōǎƻƭǳǘŜ ǾŀƭǳŜǎΣ ŀƴŘ όōύ ŀǎ ŀ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ŀǾŜǊŀƎŜ 

managed aquifer recharge (MAR) volume between 2002 and 2020 (Avg. MAR). Max. MAR refers to the maximum 

annual allowed diversion of river water for MAR in El Carracillo and Santiuste together. Sources of urban area 

extension: IGN: National Geographic Institute; CLC: CORINE Land Cover; and SIOSE: Spanish Land Occupation 

Information System. From Henao Casas et al. (2022b). 

 

If the actual urban area in the LAGB corresponds to the value reported by the IGN, the estimated 

reusable water (22.8 Mm3 yearī1) could cover the maximum allowed annual diversion of river water 

for MAR in EL Carracillo (14.2 Mm3 yearī1) and Santiuste (8.5 Mm3 yearī1) combined (22.7 Mm3 

yearī1) (Max. MAR, Figure 5a, b). Note that the maximum allowed annual diversions of river water 

for MAR constitute a limit aiming to respect ecological flow and downstream users. Actual 

diversion volumes are often <50% of the maximum allowed volumes. Some of the estimated 

recyclable water might not be harnessed due to water quality issues or logistical, practical, and 

financial constraints, as well as further losses in the collection system or to evaporation. 

Replacing river water surpluses with recycled wastewater entirely or partially could also contribute 

to increasing water security against drought, which can further deplete available surface water in 

the area. 

There is a need for wastewater treatment in CyL, and a favourable technical and regulatory 

environment for reuse. In this region, 50% of small villages (>2000 equivalent inhabitants) lack 

wastewater treatment. This situation breaches the European directive 91/271/CEE (adopted in the 

Spanish regulation through the 11/1995 Royal Decree), which requires adequate wastewater treat-

ment in nearly all urban agglomerations by 1 January 2006, at the latest. Furthermore, planning 

wastewater treatment with a focus on reuse in villages lacking this service would align with 

Spanish and European efforts towards a circular economy, including one of the first regulatory 

frameworks for wastewater reuse (Spanish Royal Decree 1620/2007), two national plans for recycling 

water (The National Water Reuse Plan 2010-2015 and the National Plan for Purification, Sanitation 

Efficiency, Saving, and Reusing), and the European Directive on Minimum Requirements for Water 

Reuse. Similarly, Spain has an extensive experience in this regard, as one of the top ten countries in 

water reuse percentage worldwide and the country with the highest wastewater reuse rate in the 

European Union." 
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3.6 Analysis of water quality control 

Fernández Escalante et al. (2020) analysed how water quality is controlled in the existing MAR guiding 

and regulating documents. This analysis focused on the maximum allowable concentration (MAC) of 

multiple parameters and is presented below. Text between quotation marks is from Fernández Esca-

lante et al. (2020): 

"From the collection of 18 regulations/guidelines/operator rules gathered, ten present specific water 

quality standards (for water to be injected or infiltrated), whose compilation is presented in the Annex. 

The number of parameters regulated by the different standards shows a remarkable difference, from 

six in Spainś internal regulation (independently of the constraint of the minimum requirements of the 

Groundwater Directive 2006/118/EC, being an EU Member State) to 149 in the USA (Figure 6). 

 

 

Figure 6. Number of parameters per legislation with water quality standards analy-

sed. In the case of the regulations with more than one quality standards, the most 

stringent one has been considered. From Fernández Escalante et al. (2020). 

 

The total number of parameters included in the ten reported water quality standards is 255. Four more 

are listed in the Australian Guidelines as an ongoing proposal, but they are not normalised yet. These 

parameters are: biodegradable dissolved organic carbon (BCOD), dissolved organic carbon (DOC), mem-

brane filtration index (MFI), and UV254 abs. 

In water quality standards such as the ones from California, Mexico, and Spain, a distinction is made 

depending on the type of recharge, either direct injection, percolation, infiltration through ponds or 

wells, with different limits for each case. For instance, in the Mexican standard, total organic carbon 

(TOC) must have a value equal or less than 1 mg/l, when water injection is direct, while there is a limit 

of 16 mg/l for percolation. In the state of Florida (USA) the legislation goes further and makes four 

standards based on the sort of recharge and in the receiving medium conditions. Italy categorises the 

water quality limits for the source water body in two groups, one for the surface water bodies, with 
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standards defined in Table 1 and 2 according to the implementation of the WFD into the Italian regula-

tions (D.Lgs. 152/2006), and the second for the quality of groundwater bodies (including the product of 

the interaction between groundwater and the water-associated ecosystem; Table 3 in DM 100/2016). 

There are two parameters which considerably vary among water quality standards: TOC (x16, which 

means that the maximum concentration is the minimum multiplied by 16), and Total Suspended Solids 

(TSS). In Florida, TSS must be below 5 mg/l while in Mexico, 150 mg/l (x10) are permitted. There is a 

series of parameters which are regulated by most of the standards explored. In general, the Mexican 

legislation shows the most permissive values, while the strictest ones are found in different standards, 

but especially in Spain and California. For instance, the total nitrogen has the highest allowed value in 

Mexico (40 mg/l) and the lowest in California and Spain (10 mg/l) (x4). The total phosphorus limit in the 

Mexican standard is the highest, 20 mg/l, while Belgium has the lowest, namely 0.4 mg/l (x100). The 

chloride limit in Mexico is 300 mg/l and the lowest value is found in the Californian legislation, with 120 

mg/l (x2.5). In the case of sulphates, Mexico shows the highest value again, which is, 300 mg/l, and 

/ŀƭƛŦƻǊƴƛŀ ǘƘŜ ƭƻǿŜǎǘ όмнр ƳƎκƭύΦ !ƴ ŜȄŎŜǇǘƛƻƴ ƛǎ ǘƘŜ ǘǳǊōƛŘƛǘȅΣ ǿƘƛŎƘ ǎƘƻǿǎ ƛǘǎ ƘƛƎƘŜǎǘ a!/ ƛƴ LǎǊŀŜƭΩǎ 

standard (10 NTU) and the lowest and most strict in Spain (2 NTU for the direct injection case) (x5). 

Among major ions, nitrate (NO3ς) is the most frequently regulated parameter and is regulated in the 

standards from The Netherlands, Torreele (Belgium), Spain, Italy, Mexico and the State of Florida 

(USA). After nitrate, total nitrogen (TN) and total dissolved solids (TSS) are the parameters most 

frequently regarded in the analysed quality standards. 

Regarding (heavy) metal(oid)s, there are substantial differences among the standards. Torreele (Bel-

gium) and the Netherlands are the strictest. For example, the maximum allowable concentration of 

zinc is 200 µg/l in Torreele and 65 µg/l in The Netherlands (x1/3). On the other hand, California and 

Mexico propose a lower value of 5 mg/l (x77). The most regulated heavy metals are arsenic, cadmium, 

lead and mercury, with their MACs reported in seven water quality standards. 

An important group of contaminants to consider are the emergent pollutants, which pose a major 

concern in the reuse of reclaimed water (WHO 2003; Silver et al. 2018; Valhondo et al. 2020). The 

water quality standards from the USA, Italy, México, The Netherlands, Shafdan and Torreele take into 

account these sorts of pollutants. USA, Mexico and The Netherlands stand out for comprehensive 

regulation of herbicides (e.g. Mecoprop), insecticides (e.g. Mevinphos), and pesticides (e.g. Hepta-

chlor), among other organic compounds. Italy has included in its MAR water quality standard a pioneer 

methodological approach and recommendations to achieve a "monitored recharge". This approach 

comprises controls on water quality through continuous high-frequency monitoring, and the proposal 

of a list of emergent pollutants which must be controlled. 

Some major ions such as (bi)carbonates, potassium and calcium (the latter is often determined by 

means of the water hardness) are missing in most of the standards reported here. The authors propose 

a set of generic water quality parameters to be taken into account in MAR projects. These parameters 

are selected in the face of two factors: 1) the frequency in which they are requested as per the water 

quality standards reviewed, and 2) their usefulness in hydrogeological tools and hydrochemical calcu-

lation (Table 2). This table would constitute a list of essential parameters for MAR. Six of the recom-

mended parameters pertain specifically to SAT-MAR (i.e. MAR with reclaimed water). 
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On the basis of the results of local risk assessment, additional parameters should be added to ensure 

safe MAR, taking into consideration the origin of water, MAR technology and use, and, of course, the 

experts´ criteria." 

For more information on guidelines regarding implementation of MAR, please also see MARSoluT pro-

ject deliverable D2.2 (MARSoluT 2023a). 
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пΦ aƻŘŜǊƴ ²ŀǘŜǊ vǳŀƭƛǘȅ /ƘŀƭƭŜƴƎŜǎ ŦƻǊ aŀƴŀƎŜŘ !ǉǳƛŦŜǊ wŜŎƘŀǊƎŜ 

4.1 Current context for MAR water quality issues 

Managed Aquifer Recharge (MAR) is the purposeful recharge of water to aquifers for subsequent 

recovery or environmental benefit, according to the International Association of Hydrogeologists, 

Commission on Managing Aquifer Recharge (https://recharge.iah.org). 

Some of the opportunities and challenges related to Managed Aquifer Recharge (MAR) water quality 

for the current circumstances and international level, have been described in the article published in 

2022 by Springer, in open access available since February 2023: "The 21st Century Water Quality 

Challenges for Managed Aquifer Recharge: Towards a Risk-Based Approach" (Zheng at al. 2023). One 

of the co-author´s contributions rose from the MARSoluT consortium's work, and some of the most 

important content has been extracted into this chapter. The herein information may be complemented 

consulting the mentioned publication (Zheng at al. 2023). 

The article introduces some figures, such as the number of substances threatening the environmental 

and human health protection, estimated about 350,000 chemicals in global markets, plus new bio-

logical entities including coronaviruses. These new water quality hazards challenge proponents of MAR 

to ensure the integrity of the aquifer. The risk management approach increases due to the release of 

tens of thousands synthetic chemicals are increasing at a pace that outstrips the global capacity for 

assessment and monitoring (Persson et al. 2022). 

As a response to these global threats, the authors have proposed a risk-based approach and manage-

ment framework accounting for water quality changes in the subsurface, adoption of attenuation 

zones for future regulation of MAR and guidelines drafting, and enhancing the importance of advanced 

monitoring. Translated into MARSoluT terms, hydro-dynamic monitoring methods to give confidence 

in the sustainability of subsurface treatment as a post-treatment process, counting on a previous pre-

treatment as a general rule. 

 

4.2 Towards a risk-based approach 

The starting point is the publication from UNESCO, 2021, in which 28 exemplary MAR schemes from 

21 countries were gathered (two of them being MARSoluT case study sites), relying on a wide range of 

techniques to recharge, store and treat water in aquifers, or to induce recharge by river bank filtration. 

The annual recharge ranges from micro (640 m3/yr) to giga (250,000,000 m3/yr), and these figures have 

firmly established that MAR is a sustainable technology (Zheng et al. 2021). 

MAR schemes, as nature-based engineering infrastructure built to augment water supply and environ-

mental flow, including recycling treated wastewater, are poised to play increasingly significant roles in 

climate change adaptation. 

Considering "novel entities" means that proponents of MAR must continue to manage risks associated 

with known, legacy pollutants such as chlorinated solvents, mineral oil components and metals, 

exemplified by regulated water quality parameters usually amounting to several hundred (Fernández 

https://www.mdpi.com/journal/water/special_issues/Aquifer_Recharge
https://www.mdpi.com/journal/water/special_issues/Aquifer_Recharge
https://www.mdpi.com/journal/water/special_issues/Aquifer_Recharge
https://unesdoc.unesco.org/ark:/48223/pf0000379962
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Escalante et al. 2020). It also means that they need to be equipped to address not (yet) regulated, and 

sometimes novel (unknown) water quality threats exemplified by "novel entities". 

Clearly the capacity to manage current, emerging and unforeseen water quality risks is more important 

than ever. This is because we rely not only on chemical reactions but also on subsurface microorga-

nisms to perform biogeochemical reactions to "purify" any purposefully recharged water. Especially 

noteworthy is the attenuation zone concept. 

MAR practitioners have had to produce laboratory and field monitoring evidence that MAR operations 

are environmentally benign to gain regulatory approval for full scale schemes. However, some scepti-

cal regulators are inclined to regard the subsurface environment as "pristine" and should not be 

"disturbed" by any means. In reality, "unmanaged" recharge from a wide range of anthropogenic acti-

vities has led to groundwater quality disturbance, frequently more pronounced at smaller depths than 

at greater depths, with pendant to be discovered consequences (IAH-MAR, Dillon et al. 2022). 

The authors of the article posed a binomial on water quality issues frequently encountered in MAR 

implementation. Firstly, the way forward to resolve the contradiction, i.e., treating aquifer as a passive 

subject needing blind protection, versus allowing aquifers to contribute to sustainable fresh water 

availability as an active part of the earth system. This topic has also been discussed extensively within 

the framework of MARSoluT project. 

 

 

Figure 7. Global inventory of MAR schemes presented as online portal with the database being continuously 

updated (source: https://ggis.un-igrac.org/view/marportal; accessed January 20, 2023). 

 

4.3 Historical background 

An account of 60 years of global progress of MAR estimates that the purposefully recharged water 

quantity has reached an estimated 10 km3/year, ~2.4% of groundwater extraction in countries repor-

ting MAR, or ~1.0% of global groundwater extraction (Dillon et al. 2019). A global inventory of MAR 

https://dinamar.tragsa.es/file.axd?file=/PDFS/MAR%20overview%20and%20governance-IAH%20Special%20Publication-18June2022.pdf
https://ggis.un-igrac.org/view/marportal
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practices included 1,136 pilot and full-scale MAR schemes from 60 countries (Figure 7). The inventory 

was initiated by members of the IAH-MAR Commission and was based on an extensive literature 

ŀƴŀƭȅǎƛǎ ŀƴŘ ŘƛǊŜŎǘ ǎǘŀƪŜƘƻƭŘŜǊǎΩ ƛƴǘŜǊǾƛŜǿǎ ŎƻƴŘǳŎǘŜŘ ƛƴ ǎŜǾŜǊŀƭ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ƭŀƴƎǳŀƎŜǎ ǳǇ ǘƻ нлмр 

(Stefan & Ansems 2018). In total, 47 parameters were analysed and clustered in four categories: 

general information, operational parameters, aquifer properties and water quality parameters. While 

information such as influent water source, main objective or final use of recovered water was well-

reported (96%, 82% and 73% of the total number of cases, respectively), detailed description of water 

quality parameters (over 100 considered) was mentioned in less than 5% of the studies. Nevertheless, 

water quality changes were mentioned in many papers, especially in conference papers and specific 

technical reports. 

Water quality investigations are an integral part of any successful MAR project. We searched the 

expanded science citation index database for the time period of 1900 to present. Just above one third 

of the MAR publications, or 118 out of 391 papers, included water quality. The proportion remained 

constant through the years. 

Water quality investigations during MAR projects serve many different aims, with monitoring for 

regulatory compliance as a basic starting point. Also, risk-based management is essential for the future 

of MAR (Imig et al., 2022), to ensure that we protect public and environment health, whilst also fully 

utilizing the potential of MAR to provide natural treatment and to facilitate recycling and reuse 

(Figure 8). 

 

 

Figure 8. Schematic diagram illustrating how MAR has been used to purify purposefully recharged water such as 

an infiltration pond through a series of natural treatment processes occurring in the unsaturated and saturated 

zones of an aquifer that facilitates the removal of organic pollutants and pathogenic microbes. Taken from Zheng 

et al. (2023). 
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Complex and uncertain risks can be dealt with, hopefully, with decades of experience in water quality 

improvement and management in MAR, plus further research. Considering MAR as a step in a treat-

ment train enables us to manage the complex topic of water quality when MAR alone cannot provide 

sufficient treatment, fate cannot be predicted, or where water quality degradation may occur. 

We should continue developing approaches to assess aquifer microbial communities, their potential 

to augment treatment, response to changing geochemical conditions and ultimately the sustainability 

of treatment. Leveraging the natural treatment capacity, where available, allows for design of a 

sustainable treatment train and avoids overuse of energy intensive engineered pre-treatment without 

over treating water prior to MAR. 

All uncertainties of regulated and unregulated water quality threats, the assumption that storage time 

mitigates risks especially of pathogens, biodegradable organic matter, and trace organic chemicals is 

likely to hold, although more research is warranted to determine the time scale for complete minerali-

zation including mostly unknown biotransformation byproducts (Zheng et al. 2023). 

 

4.4 The way forward 

To enhance climate resilience and other social, economic and environmental benefits of groundwater 

through implementing MAR projects, water quality threats from novel entities need to be addressed 

to maintain resource integrity and to keep target aquifers within the safe operating space. 

Modern water quality challenges can be approached from a risk-based perspective grounded by pre-

cautionary principles, developed over time through practice to solve clogging issues, and to overcome 

economics and policy barriers. 

It is worth noting that, when it comes to groundwater recharge laws in the United States, a commu-

nitarian ethics has been suggested to underpin regulatory processes (Owen 2021). Authors encourage 

debate on how to arrive at a sensible regulatory framework to manage water quality risks for the 

European Union, with the precautionary principle as a starting point. 

The Australian risk-based approach to MAR (NRMMC et al. 2009) is a model that sustainably protects 

groundwater quality, accounting for water quality changes, both improvements and deteriorations, in 

the subsurface. But it can be further expanded geographically because many countries in the world 

are still taking a highly prescriptive approach to measure compliance against a list of water quality 

parameters. These guidelines have been the base for two publications developed by MARSoluT. The 

first about water quality regulations all around the world (Fernández-Escalante et al. 2019); and the 

second being a proposal for a new concept called "Monitored and intentional Recharge" (MIR), which 

is, according to a summarized description posed by the authors, "a conceptual model for drafting MAR 

and water reuse guidelines documents" (Fernández-Escalante et al. 2022). 

In Europe both the development of application and legislative framework for MAR has varied among 

different countries (Sprenger et al. 2017), with current legislation ranging from strict and uniform 

water quality requirements versus site-specific evaluation with respect to the water quality in the 

receiving aquifer such as in the Netherlands, similar to Australia. A European Union Directive on MAR 

water quality for different uses would be a very useful development. 
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The way forward clearly depends on regulations that value and enable sustained use of natural 

treatment capacity provided by MAR, seamlessly integrated to a treatment train with pre-treatment 

or post-treatment technologies.  

There is also a need for advanced tools, including but not limited to real-time monitoring, data 

assimilation, and reactive-transport modeling to predict fate of chemicals and pathogens and to assess 

risks to human health and aquifer integrity. Special attention should be paid on the "attenuation zone" 

(an attenuation zone (after NRMMC, EPHC, NHMRC, 2009), is defined as an independent regulatory 

unit so that groundwater quality beyond this zone is sustainably protected), a subsurface natural 

treatment zone with a finite hydraulic retention time. The understanding of the fate of pathogenic 

organisms is necessary, including laboratory and field verification. Subsurface microbial communities 

are also providing a broader perspective on the sustainability of microbial and trace organic removal 

processes. 

The referenced essay includes a call on hydrogeologists worldwide to rise to the 21st century water 

quality challenges using MAR, in order to maintain the integrity of groundwater resources and in turn, 

ǘƻ ƳŜŜǘ ƘǳƳŀƴƛǘȅΩǎ ŘŜƳŀƴd for good quality fresh water. 

Both, the IAH-MAR Commission and the MARSoluT consortium strive to develop the body of scientific 

knowledge needed to have confidence in enhancing the sustainable and beneficial use of aquifers for 

people. 
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рΦ wŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŀƴŘ /ƻƴŎŜǇǘǳŀƭ aƻŘŜƭǎ ǘƻ wŜƎǳƭŀǘŜ ²ŀǘŜǊ 

vǳŀƭƛǘȅ ŦƻǊ a!w 

This chapter deals with the recommendations derived from the analysis of existing MAR guiding and 

regulating documents and the presentation of the Monitored and Intentional Recharge conceptual 

models, which provides a framework with the most relevant aspects to consider when drafting 

documents aiming at regulating MAR. 

 

5.1 Considerations on the removal of organic pollutants from water during 

MAR 

The water used for MAR is usually taken from surface waters or treated wastewater. Even if a high-

quality standard exists, depending on the origin and degree of prior treatment, the water for MAR 

contains concentrations of emerging organic compounds (EOCs), such as pharmaceuticals and perso-

nal care products. Understanding the processes that influence the fate of EOCs in the aquifer is, 

therefore, a key point for evaluating and predicting contaminant plumes and risk assessment. Various 

processes influence this fate of EOCs, ranging from a delayed spread to complete degradation of the 

substance. These processes depend to a greater or lesser extent on the local conditions, composition 

of infiltration water and the type of MAR facility, such as materials used, organic content, pH value, 

the structure of the EOC, local microbiology and, in some cases, are not yet fully reproducible. 

The two driving forces regarding the fate of EOCs are sorption and degradation. Sorption is the term 

used to describe all processes in which a substance accumulates within a phase or at the interface 

between two phases. Sorption is a crucial process when it comes to the fate of EOCs, as it leads to 

retardation in the spread of pollutants. At equilibrium, sorption and desorption rates are the same. 

Solution ionic strength and composition affect the sorption of charged organic chemicals, especially if 

inorganic and organic ions compete for the binding sites. The mineral surface composition of the 

sorbent is also key; for example, oxides and hydroxides - like quartz or goethite mineral surfaces - 

present ionic radicals on their surfaces. Besides this, the age of organic matter also plays an essential 

role in sorption properties, implying a distributed reactivity and increasing the heterogeneity of the 

environment (Weber et al. 1992; Kleineidam et al. 2002). 

In general, sorption is a more dominant process if the compounds have a hydrophobic behaviour with 

a tendency to bioaccumulation and high sorption capacity. Examples ƻŦ ǘƘŜǎŜ ŎƻǳƭŘ ōŜ ʲ-blockers (e.g., 

propranolol), and a few pharmaceuticals (e.g., ketoprofen) or illicit drugs (e.g., THC from cannabis). On 

the other hand, substances that present a hydrophilic behavioural are more frequently detected in 

groundwater. Indeed some pharmaceuticals and, in particular, carbamazepine, have been used as 

anthropogenic markers in the aquatic environment (e.g. Müller et al. 2013). An example of riverbank 

filtration analysis, Henzler et al. (2014) emphasized adsorption as a critical process influencing the 

transport of multiple EOCs, mostly MTBE (methyl tertiary-butyl ether) and carbamazepine. Ying et al. 

(2005) found strong adsorption of beta-estradiol to the local aquifer material under aerobic conditions. 

Natural organic material can be a sorbent for nonpolar organic chemicals because they offer a 

relatively nonpolar environment into which hydrophobic organic compounds may abscond (Appelo & 

Postma 2013; Schwarzenbach et al. 2017). Investigations have shown that sorption can be increased 
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by adding organic compounds, like compost (Rauch-Williams et al. 2010; Valhondo et al. 2018) or palm 

leaves (Grau-Martínez et al. 2017). 

Besides sedimentary organic material, biomass can also act as a sorbent of organic compounds (Torresi 

et al. 2017). The sorption of organic compounds into biomass has been only related to ionic com-

pounds (Flemming 1995; Franco et al. 2009; Torresi et al. 2017). In porous media, biomass is organized 

in biofilms, containing living organisms and other biological materials such as extracellular polymeric 

substance (EPS). The literature on the sorption of organic compounds in biofilms is poor and contra-

dictory; for example, Torresi et al. (2017) only observed sorption into biofilm of 9 of 23 compounds, 

the cationic ones. On the other hand, Späth et al. (1998) observed that BTEX sorbed to biomass, mainly 

to EPS. Even for the authors, this was surprising because biofilm usually has a high water content 

(Brangarí et al. 2018), and sorption should be preferentially for polar compounds. 

Lastly, mineral surfaces can also interact with organic compounds. In some environments with low 

organic matter concentrations, sorption into mineral surfaces of hydrophobic compounds has been 

observed. The sorption mechanism is through van der Waals or dipole-dipole energies and H-bonds. 

Although this mechanism is plausible and occurs, it is not dominant in most porous media. On the 

other hand, mineral surfaces can also serve as sorbents if they are ionic, which occurs specially with 

clays, oxides, and hydro-oxides. 

 

 
Figure 9. Compilation of 1st order degradation rate constants for 82 compounds, including batch (indicated by 

white circles), column (black circles), and field (gray circles) studies. Taken from Greskowiak et al. (2017). 

 

Although sorption is a key process in the fate of EOCs, it is reversible and only increases the retardation 

of the compound transport. Greskowiak et al. (2017) investigated the degradation behaviour of 82 

different substances, taking data from field, column, and batch studies. Figure 9 shows a compilation 

of the 1st order degradation rate constants of this investigation. Among other things, they found with 

about:blank
about:blank
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their study that the most important process for the removal of EOC in MAR is microbial degradation. 

Degradation of the EOCs depends on several factors like microbial activity, temperature, redox 

conditions or the recalcitrant behaviour of the contaminant. Other site characteristic parameters also 

influence the overall biodegradation rates of organic contaminants, such as microbial abundances/ 

diversity (Alidina et al. 2014). 

Tran et al. (2013) studied the activities of autotrophic and heterotrophic microorganisms in the 

biodegradation of emerging organic contaminants and concluded that this degradation can be 

attributed to cometabolic and/or metabolic activities. Figure 10 shows the biodegradation of EOCs via 

(a) metabolism and (b) cometabolism. Cometabolism occurs when the microorganisms involved do not 

produce energy or assimilable carbon when the substance is degraded. Autotrophic microorganisms 

show cometabolic activities, while heterotrophic organisms degrade EOCs via cometabolism and/or 

metabolic mechanisms, depending upon the nature of target EOCs and their bioavailability in the 

environment (Tran et al. 2013). In order to strengthen the degradation by cometabolism, conditions 

must therefore be created according to the contaminants present. Studies have shown that autotro-

phic ammonia oxidizers and nitrification play key roles in cometabolizing EOCs, particularly for slowly 

biodegradable compounds (Tran et al. 2013). 

 

Figure 10. Schematic of biodegradation of emerging trace organic contaminants 

(EOCs) via (a) metabolism and (b) cometabolism. Taken from Tran et al. (2013). 
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An important factor controlling hydrogeochemical bacterially mediated reactions is the redox 

potential, which governs a system's reducing or oxidizing capacity. If organic substances are present, 

the formation of a steep redox potential gradient due to the utilization of different electron acceptors 

is typical for the sediment-water interface. The spatial distribution into different redox zones 

significantly affects the degradation of EOCs, as different reactions occur in these zones. The effect of 

aerobic/anaerobic conditions is observed from several examples of specific compounds. Under aerobic 

conditions, dissolved oxygen serves as an oxidant. Under anaerobic and anoxic conditions, other 

dissolved oxidants, like nitrate and sulfate, take over the role of electron acceptor. In general, EOC 

degradation is faster under aerobic than anaerobic conditions (Watanabe et al. 2010). Thus, the impact 

of reduction-oxidation conditions in EOC degradation is compound specific. For instance, the natural 

ŀǘǘŜƴǳŀǘƛƻƴ ƻŦ ǘƘǊŜŜ ʲ-blockers (atenolol, metoprolol, and propranolol) was investigated under denitri-

fying conditions by Barbieri et al. (2012). Atenolol was removed (about 65%) via abiotic and biotic 

processes, whereas metoprolol and propranolol were not biotransformed. 

However, these reactions and thus the degradation reactions are generally carbon limited and thus 

depend on the Dissolved Organic Carbon (DOC) content. Investigations have shown that using a 

reactive barrier succeeds in releasing DOC and increasing the removal of the contaminants investigated 

(Valhondo et al. 2015). The increase in removal may partly be caused by sorption or biodegradation 

under the various redox conditions supported by the released DOC (Valhondo et al. 2015; Schaffer et 

al. 2015). A barrier made of equal volumetric proportions of coarse sand and gravel, and vegetable 

compost from gardens and wood, supplemented with clay, was used in the examination (Valhondo et 

al. 2015). Vegetable compost and wood served as suppliers of organic sorption sites and for deriving 

easily degradable organic carbon (Valhondo et al. 2015). 

In conclusion, depending on the source and the degree of pretreatment, recharging water may have 

undesirable concentrations of EOC, aside from other potentially hazardous substances and pathogens. 

Thus, for the implementation and successful execution of MAR, a wide-ranging knowledge of the local 

conditions and the composition of the soil and water used is necessary to make statements about what 

happens to the pollutants. If there is not enough natural organic matter, additional reactive barriers 

can be used to increase sorption. If this external addition of organic matter occurs, it can be assumed 

that biodegradation will also be improved by the longer residence time due to sorption (Valhondo et 

al. 2018) and due to the release of DOC into the system.  

 

5.2 Recommendations 

A large set of recommendations has been posed as bullet points divided according to the regulations 

approach, and water quality standards. 

5.2.1 Regulatory framework 

¶ "Developing a common terminology agreement, with legal implications. A homogeneous 

definition of Artificial Recharge or Managed Aquifer Recharge is thoroughly demanded, at least 

for the geographical areas which have a common regulation (e.g. the EU). The regulation 

reviewed hint that there is a shared idea about the MAR concept. Still, the precise meanings 

ŀǊŜ ƳƛǎǎƛƴƎ ƛƴ ǎƻƳŜ ƻŦ ǘƘŜƳΣ ŘǊƛǾƛƴƎΣ ƛƴ ŎŀǎŜ ƻŦ ŎƻƴŦƭƛŎǘΣ ǘƻ ƧǳŘƎŜΩǎ ŘŜŎƛǎƛƻƴǎ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ 

widely approved common legal definitions. Such definitions should be compulsory, at least at 
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the European level. In this sense, the WFD should include a legal definition of MAR far from 

ambiguities (Fernández Escalante & García-Rodríguez 2004). Another practical alternative at 

the European level would be the development of a Common Understanding between the 

Member States, such as in a CIS Guidance Document." 

¶ "Including a permitting process. Water allocation permits and water extraction rights owner-

ships must be considered in all regulations and established well in advance, including the 

simple right of use. At the European level, an authorisation is a requirement of the WFD. What 

is needed is a risk-based approach to develop the conditions of the permit. This approach could 

be replicated in other countries. Some national laws still leave the governments the right to 

grant permits to regional authorities, as is the case in Spain, while the fundamental right must 

be the same for all applicants. This aspect of the regulatory framework is especially relevant in 

the face of pressure on water resources, such as over-exploitation of aquifers or climate 

change impacts, which can exacerbate water ownership conflicts (Rodríguez-Escales et al. 

2018)." 

¶ "Legal development. There is an insufficient theoretical background on legal aspects of MAR. 

Furthermore, there are very few countries with a specific regulation on MAR and SAT-MAT. 

From these, some do not explore in detail the water quality standards, the type of infiltration 

system or the final use, making difficult for the authorities to grant permits (Sastre-Beceiro 

2009)." 

¶ "Independent control and surveillance. Once an authorisation has been granted, there is a 

general failure in the mechanisms of control and oversight of the operations. Furthermore, the 

water-right holder usually provides most of the information and, only in singular cases, the 

operators, river basin authorities or civil servants taking care of the water quality. A "struc-

tured reporting process" should be developed." 

¶ "Time continuity. Many experiences have been related to research and development projects. 

Once such projects come to an end either for budgetary or planning reasons, they are 

abandoned, and the continuity is, generally, uncertain. The Administration and the Water 

Basin Authorities should study continuity mechanisms to allow assessing the long-term effects 

of MAR." 

¶ "Inclusion of Budgetary aspects. The financial aspects of MAR projects are frequently excluded 

in both, the regulations and the granting of authorisations. The Water Authorities might 

request detailed budgets and a certain guarantee of continuity. These demands do not appear 

in the analysed regulations and guidelines. A certain consideration could be given to positive 

economic externalities of MAR, e.g. increased water availability, reduction of pumping cost 

due to a higher water table and blue environmental values. In this way, the unmonetised 

benefits of MAR would be included in the equation, and a net positive effect of MAR systems 

would be guaranteed." 

¶ "Including the technical background for authorisations. In cases in which local water 

authorities implement regulations (i.e. implemented at the regional level), there might be 

slight differences in the monitoring and permission approaches with respect to the national 

law. Concessions to grant a MAR implementation must take into account the specific water 

quality standard for an area. It should also require specific studies for the endorsed area duly 

signed by a competent technician. Some points of concern are the construction of the MAR 
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facilities, operation and monitoring. The compliance of regulation is in state or operator´s 

control, however, often not fully implemented. It is essential to study whether the technical 

solutions proposed to improve the efficiency of any MAR scheme are legal, in accordance with 

the applicable laws. This aspect could be particularly relevant when dealing with the potential 

beneficial impact of the unsaturated zone, so important in the final groundwater quality due 

to interaction processes." 

¶ "Moving forward with the WFD. The implementation of MAR and SAT-MAR in the EU may be 

facilitated by taking the following measures: 1) Establishing a framework of permit or 

authorisations (EC 2006); 2) Establishing control and surveillance mechanisms to ensure the 

implementation of the permit conditions; and 3) Undertaking the necessary oversight of MAR 

systems to renew any permission or concession (EC 2007)." 

5.2.2 Water quality standards 

¶ "Tailoring water quality guidelines based on aquifers and source water. Water standards for 

MAR must be designed at the aquifer level and taking into account the interactions between 

the source water and the aquifer. This involves studying the aquifer in-depth and considering 

the possible sources of water. In this sense, it might be feasible to extend water quality 

standards across aquifers with similar characteristics. The nation-wide standards seem to be 

the most straightforward approach, and the aquifer-wide standards would be the safest." 

¶ "High number of pollutants to be regulated. MAR possesses great potential in the face of 

multiple water-related challenges, as long as contamination is minimised. There are scientific 

uncertainties related to water quality processes and water-mineral interactions. The number 

of potential pollutants to be analysed may be too large, and their chemical interactions too 

complex to be demanded by any regulation (Silver et al. 2016). This situation urges an 

integrated approach considering water origin (with different degrees of potential pollution), 

MAR technology and final uses. The WFD allows this flexibility, with threshold values for 

groundwater being established at the groundwater body level; hence the relevance of the risk-

based approach: The more stringent the controls on the quality of the source of water, the 

fewer parameters would need to be taken into consideration at the end." 

¶ "MAR sources and receiving medium considerations. During MAR activities, the receiving 

medium has a certain capability to remove pollutants, even though the donor water body must 

be in good chemical status, as appointed in the WFD. A risk analysis approach usually counts 

on this capability, while water quality standards consider, to a limited extent the aquifer´s 

purification capacity." 

¶ "Water quality standards should be differentiated according to the MAR technology involved 

to minimise the impact of the previous points exposed, as it has been done for instance in 

Spain, Mexico, and the GWD. In these regulations, direct and indirect inputs are taken into 

consideration following different MAR techniques. It is also important to consider how the 

impact of the unsaturated zone (not just the aquifer) is taken into account in the legislation." 

¶ "Updating some water quality standards. Some pollutants with proved adverse effects on 

health and the environment are challenging to determine due to high detection limits in 

laboratories or analytical costs, e.g. NDAs (Fernández Escalante 2005). In this sense, some 

specific water quality standards should be reviewed and updated periodically according to the 
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state-of-the-art´s progress and the instrumental measuring capabilities (for "aquifer-wide" 

standards)." 

¶ "Considering the monitoring cost. Guidelines must consider the cost of analysis, especially in 

developing countries and when the monitoring frequencies are compulsory by law. Inter-

national institutions such as the IAH-MAR Commission should provide technical support when 

tailoring MAR regulations and water quality standards." 

¶ "Considering monitoring frequencies for each parameter. Water quality guidelines might in-

clude additional columns specifying the frequency of monitoring for each parameter and the 

exact point to collect the samples, e.g. infiltration basin, extraction well, etc." 

¶ "Including common parameters. It is advisable to measure major ions such as bicarbonate, 

calcium and potassium. They are not considered in most of the reviewed regulations, and they 

are essential in relation to calcite precipitation (chemical clogging) and water processes invol-

ved in the hydrogeological methods employed to study groundwater quality and evolution 

(e.g. hydrograms, ionic relations, and models). The sets of parameters and compounds 

exposed in Table 2 cover most of the regulated necessities, except for highly polluted 

environments, in which specific and adapted analyses should be requested." 

¶ "Considering the final use. Water quality standards should also consider the final use of the 

water for which MAR has been implemented. Domestic water supply is more demanding in 

terms of water quality than irrigation or industrial uses. Thus, the purification process must be 

adapted to the final use. Differentiating water quality standards depending on the water needs 

to be covered (e.g. the 2020/741 Regulation on water reuse (European Parliament 2020)), is 

controversial. Setting permissive limits for uses which require low water quality (e.g. irrigation) 

might jeopardise other potential uses (e.g. urban water supply). Even MAR in cities entails 

certain risks, reduced by means of a proper monitoring, as it is the case of the Shafdan MAR 

scheme in Israel (Figure 11)Φέ 

 

 

Figure 11. MAR regulated system in Shafdan, Israel. Sensors inside the infiltration basins allow the water quality 

monitoring in real time, in order to attain the standards of quality. From Fernández Escalante et al. (2020). 
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Table 2. Proposal of a general list of parameters to be determined in laboratory and field for a MAR-related water 

sample. Modified from Fernández Escalante et al. (2020). 

PARAMETERS (MAR water) EXPLANATION 

E.coli Ecotoxicological aspects. Demanded in most of the regulations (SAT-MAR) 

Nematodes Ecotoxicological aspects. Demanded in most of the regulations (SAT-MAR) 

pH Influence on REDOX conditions 

Temperature Environmental conditions. Product of solubility, stoichiometry 

Conductivity Parameter related to salinization and the total amount of compounds 

Chemical Oxygen Demand (COD) Specific parameter for water reuse, to be removed in case of natural water origin (SAT-

MAR) 

Biochemical Oxygen Demand in 5 days (BOD5) Specific parameter water reuse, to be removed in case of natural water origin (SAT 

MAR) 

Total Dissolved oxygen (TDO) Potential hyper-oxidation conditions and gas clogging creation in the receiving medium 

Total Organic Carbon (TOC) Indicator of biological clogging potential and buffer for chemical reactions 

Total nitrogen (N) Residual product after nitrogenised molecules breakdown, e.g. product of diffuse 

contamination decomposition 

Total phosphorus (P) Indicator of biological clogging potential and buffer for chemical reactions 

Total suspended solids (TSS) Parameter related to turbidity and demanded in most of the regulations 

Total Dissolved Solids (TDS) Parameter related to turbidity and demanded in most of the regulations 

Turbidity  Parameter requested in most of the regulations 

Ammonium (NH4) Residual product after nitrogenised molecules breakdown 

Nitrates (NO3
-) Thick molecules usually trapped in the receiving mediums in which MAR projects take 

place 

Sulphates (SO4) Macroconstituents, chemical attack on materials 

Chloride Macro, chemical attack on materials, salinity indicator 

Bicarbonates Parameter not requested in the regulations but fundamental for hydrochemical 

calculations 

Sodium (Na)  Macro, chemical attack on materials, salinity indicator 

Potassium (K)  Parameter not requested in the regulations but fundamental for hydrochemical 

calculations 

Calcium (Ca)  Parameter not requested in the regulations but fundamental for hydrochemical 

calculations, hardness, etc. 

Magnesium (Mg)  Parameter not requested in some regulations but fundamental for hydrochemical 

calculations, hardness, etc. 

Boron (B)  Phytotoxic ion par excellence 

Silica (Si)  Determines geochemical environments and biological/chemical reactions. Potential 

quartz precipitation 

Arsenic (As) Ecotoxicological ion par excellence 

Iron (Fe) Metal with high effect on physical, chemical and biological clogging generation 

Manganese (Mn) Physical, chemical, biological clogging determinant parameter 

Chromium (Cr) Physical, chemical, biological clogging determinant parameter. Requested in most of the 

regulations 

Copper (Cu) Special effect on crops. Usual spill from agro-industrial activities 

Zinc (Zn) Special effect on crops 

Fats and oils Specially for urban areas runoff and SAT-MAR (can be removed for natural river / rain 

water 
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5.3 Monitored and Intentional Recharge (MIR) 

The review of MAR regulations and guidelines and the experience of several years with projects for 

artificially recharging aquifers have led to the development of the Monitored and intentional recharge 

όaLwύ ŎƻƴŎŜǇǘǳŀƭ ƳƻŘŜƭΦ ¢Ƙƛǎ ƳƻŘŜƭΩǎ Ǝƻŀƭ ƛǎ ǘƻ ǇǊƻǾƛŘŜ ŀ ŦǊŀƳŜǿƻǊƪ ǿƛǘƘ ǘƘŜ ƳƛƴƛƳǳƳ ŦŀŎǘƻǊǎ ǘƘŀǘ 

any regulation or guideline on MAR should consider and develop. These factors have been grouped 

into nine blocks based on their main topic. The proposed blocks are the following (Figure 12): i) water 

sources, ii) environmental conditions, iii) MAR technology, iv) MAR sensors, v) final use, vi) monitoring 

guidelines, vii) analytical issues, viii) risk or impacts assessment, and ix) others. 

 

 

Figure 12. The nine blocks comprised in the Monitored and Intentional Recharge (MIR) conceptual model and 

some of the aspects each one develops. From Fernández Escalante et al. (2022). 
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Two main approaches were used to arrive at this conceptual model: i) critically reviewing the existing 

documents that regulate or guide MAR projects, and ii) using a scoring system to determine the most 

critical factors discussed in the documents.  

The following documents were reviewed: the WHO guidelines for water recycling, the Australian 

guidelines on MAR, the USA regulatory body on MAR, including rules scoped at the state level, the 

MAR guidelines of the American Society of Civil Engineers (ASCE), the European guideline on waste-

water reuse for irrigation, and MAR regulatory or guiding documents for Chile, India, and Mexico.  

The scoring system consisted of the following: the main aspects elaborated in the documents reviewed 

were listed. Subsequently, the level of development of each of these aspects in the MAR documents 

was assessed with a score from zero to four, where zero corresponds to no mention and four to a 

detailed discussion on the topic. The scores for each main aspect were added, ranked and included in 

the most appropriate MIR block. The final ranking can be found in Fernández Escalante et al. (2022). 

One of the strengths of the MIR concept is that it provides a series of graphical illustrations of the 

ōƭƻŎƪǎΩ ƪŜȅ ŀǎǇŜŎǘǎ that ease understanding of the main concepts. Figure 13 is one of these illustrations 

and visually summarises the blocks that are part of MIR. 

Next, a brief discussion of the MIR blocks and the appropriate figures or tables are provided. More de-

tails can be found in Fernández Escalante et al. (2022). 

 

 

Figure 13. Summary of the main block comprised in the Monitored and Intentional Recharge (MIR) conceptual 

model. From Fernández Escalante et al. (2022). 
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5.3.1 Water sources 

The main water sources often found among MAR projects are surface water bodies (rivers and lakes, 

predominantly), rainwater, and reclaimed wastewater. This block of MIR discusses essential matters. 

For instance, it recommends considering any surface water surplus (after all water demands have been 

met, including ecological volumes) as potentially usable for MAR since valuable water can be lost to 

evaporation or the sea. Furthermore, the promising role of wastewater in closing the water cycle is 

highlighted and the quality issues that must be faced when using urban runoff. Figure 14 depicts the 

most common water sources for MAR. 

 

 

 

Figure 14. Main water sources considered by the Monitored and Intentional Recharge (MIR) conceptual model. 

From Fernández Escalante et al. (2022). 

 

 

5.3.2 Hydrogeological and environmental conditions 

MIR also recommends a careful evaluation of the hydrogeological and environmental conditions. 

These conditions will determine the feasibility of underground storage and the availability of water 

ǊŜǎƻǳǊŎŜǎ ŦƻǊ a!wΦ YŜȅ ŀǎǇŜŎǘǎ ǘƻ ŎƻƴǎƛŘŜǊ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǘƘƛǎ ōƭƻŎƪ ƛƴŎƭǳŘŜ ǘƘŜ ŀǉǳƛŦŜǊΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ 

(hydraulic conductivity, transmissivity, storability, etc.) and type (karstic, detrital, fractured hard-rock) 

and the magnitude and distribution of hydrological variables such as precipitation, runoff, river flows, 

etc. 
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This block also introduces crucial and contemporary topics such as the need to characterise long-term 

performance under climate change, the contaminant attenuation potential of the saturated and 

unsaturated zones, and the evaluation of impacts on dependant ecosystems. Figure 15 shows some of 

the most usual hydro(geo)logical settings where MAR projects are developed. 

 

 

 

Figure 15. Possible hydro(geo)logical conditions to consider when drafting MAR regulations and guidelines. From 

Fernández Escalante et al. (2022). 

 

 

5.3.3 MAR Technology 

There is great diversity in MAR methods that can address a wide range of water-related issues. 

Consequently, the third block of the MIR concept suggests evaluating the existing technologies under 

the lens of the particular conditions of the intended MAR project. To ease this task, MIR provides a list 

of MAR technologies that include pictures, diagrams, the spatial distribution of the solution, and some 

examples in Spain. Table 3 is a simplified version of the full list, both available in the article by Fernán-

dez Escalante et al. (2022). 
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Table 3. Compilation of main MAR technologies categorised into five main groups. An additional group, including 

sources of unintentional recharge, is included for reference. From Fernández Escalante et al. (2022). 

MAR category MAR type 

Water spreading 

 

- Infiltration ponds/ wetlands 

- Channels and infiltration ditches 

- Ridges/ soil and aquifer treatment techniques 

- Infiltration fields (controlled flooding) 

River channels 

 

- Reservoir dams and dams 

- Permeable dams  

- Levees 

- Riverbed scarification 

- Sub-surface/ underground dams  

- Drilled dams  

Targeted recharge - Qanats (underground galleries) 

- Open infiltration wells, shafts 

- Deep wells and boreholes 

- Boreholes  

- Sinkholes, collapses 

- Aquifer Storage and Recovery (ASR) 

- Aquifer Storage, Transfer and Recovery (ASTR) 

Filtration 

 

- River Bank Filtration (RBF) 

- Interdune filtration 

- Underground irrigation 

Rain based systems - Rainwater harvesting systems 

- Sustainable Urban Drainage Systems (SUDS) 

Accidental recharge - Accidental recharge from pipes and sewer systems 

- Accidental recharge by irrigation return 
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5.3.4 MAR Sensors for data gathering 

This block elaborates on the sensors used to monitor environmental variables when conducting MAR. 

It introduces the issue of data interoperability through the review by Henao Casas et al. (2022a), who 

point out that data gathered by data loggers from different manufacturers store and retrieve 

information in various formats that can differ considerably. This situation requires additional efforts 

to integrate and analyse the data. A sound way to circumvent this issue is by arriving at a data storage 

standard, enhancing interoperability. Table 4 lists properties commonly measured in MAR projects. 

 

Table 4. Environmental variables commonly measured during MAR operations. These variables have been catego-

rised as a function of the realm involved: the atmosphere, the hydrosphere, the pedosphere and the lithosphere. 

From Fernández Escalante et al. (2022). 

Realm (earth-sphere) Property 

Environmental conditions  

(atmosphere and hydrosphere) 

- Flow rates and discharge 

- Soil infiltration /seepage rates 

- Precipitation 

- Solar radiation 

- Wind speed and direction 

- Relative humidity 

- Other meteorological variables 

Unsaturated zone  

(pedosphere) 

- Volumetric Water Content (VWC) 

- Soil electrical properties (dielectric permittivity, resistivity, and 

  conductivity) 

- Water potential 

- Vapour pressure 

- Conductivity 

- Temperature 

Saturated zone  

(lithosphere) 

- Water level 

- Temperature 

- Conductivity 

- pH 

- Oxidation-reduction potential (ORP) 

- Turbidity 

- Total Dissolved Solids (TDS) 

- Total Suspended Solids (TSS) 

- Other physic-chemical properties 

- Salinity 

- Hydrogeochemical parameters 

 



MARSoluT Enhancing Water Quality by Optimising MAR Design at Active MAR Sites in Spain 

Deliverable D4.3
 

47
 

5.3.5 Monitoring guidelines 

This MIR block emphasises the importance of clear guidelines to monitor water quality and quantity 

variables. Ten key water sampling points are proposed (Figure 16). These points are determined as a 

function of the location in the MAR water production process (e.g., source water treatment, passage 

through the unsaturated/saturated zone, extraction, post-treatment, etc.). The block also shows some 

of the most common sampling/measuring frequencies and how information is retrieved: on-site or 

remotely (Figure 16). 

 

 

 

Figure 16. Fundamental monitoring aspects to consider when drafting MAR guidelines, including sampling ǇƻƛƴǘΩǎ 

frequency and sensors. From Fernández Escalante et al. (2022). 

 

A great part of the monitoring chapter is based on experiences on modeling from MARSoluT members 

(Malta, Spain, and Italy). The modeling results from Malta have already been published and are acces-

sible in MARSoluT Deliverable D4.1 (MARSoluT 2023b). These findings were observed within the 

MARSoluT individual research project (IRP) "Hydrogeological and geochemical modelling of a sea-

water intrusion barrier in an island/coastal groundwater body". 
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5.3.6 Final use of the intentionally recharged water 

This block showcases the most common uses for the water stored underground through MAR, which 

include irrigation, drinking water supply, industrial water supply and strategic storage, among others 

(Figure 17). This block also points out the importance of involving water user organisations in managing 

water resources to enhance governance. 

 

 

 

Figure 17. Final use of MAR water. From Fernández Escalante et al. (2022). 

 

 

5.3.7 Analytical aspects 

This block entails concepts related to the parameters that determine water quality. It presents the 

minimum parameters that should be included in any water quality monitoring program for MAR (Table 

2). It also elaborates on hot topics, including the need for increasing surveillance of pollutants of emer-

ging interest, the scope of maximum allowable concentrations (MACs), the dimension of the regions 

to which they should be applicable, and the lack of water quality data monitoring found across many 

regions. 
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5.3.8 Risk and/or impact assessment 

MIR proposes adopting a risk approach in which risks are identified, and multiple barriers are setup so 

that the residual risk is acceptable. Two main blocks of risks are presented to help in their identification 

(Table 5). 

 

Table 5. Main risk to bear into consideration concerning MAR operations. From Fernández Escalante et al. (2022). 

 Technical aspects άbƻƴ-ǘŜŎƘƴƛŎŀƭέ ŀǎǇŜŎǘǎ  

Design and 

construction 

- Legal constraints 

- Economic constraints 

- Lack of social acceptance 

- Weak water governance 

- Availability of water source 

- Concessions or water rights constraints 

- Water scarcity 

- Hydrogeological assessment 

- Lack of infrastructure. 

- Dependence of valuable habitats 

Operation (and 

management) 

- Legal constraints 

- Economic constraints 

- Lack of social acceptance 

- Weak water governance 

- Structural damage 

- Water shortage and volume constraints at the source 

- Drought 

- Clogging 

- Unacceptable water quality in a sensitive location 

- Specific objectives 

- Distortion of local ecological relations 

 

 

5.3.9 Other aspects and general recommendations 

The final block is open to new aspects. It also discusses some topics that were not suited to any of the 

other blocks, such as the importance of stakeholder engagement, the principle of the recovery of costs, 

and considering collateral benefits and interoperability. 
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сΦ ²ŀǘŜǊ vǳŀƭƛǘȅ /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƛƴ a!w ŀƴŘ {!¢πa!w {ƛǘŜǎ ƛƴ {Ǉŀƛƴ 

There are relatively few regulations on MAR worldwide. Some use maximum allowable concentration 

(MAC) standards for MAR source water to control pollution, including the USA, Mexico, Spain, Italy, 

and The Netherlands (Fernández Escalante et al. 2020, 2022). Some regulations and studies suggest a 

risk approach which is probably more adequate to prevent water pollution when realising MAR 

(NRMMC et al. 2009; Zheng et al. 2023). 

The current analysis explores whether using MACs would be a convenient approach to reducing the 

risk of aquifer contamination when artificially recharging aquifers in Spain. In the following, water 

quality issues of 11 MAR sites in Spain are presented, with Los Arenales being the main test site. 

 

6.1 Methodology 

A sound MAC standard to control water contamination during MAR should be able to consider the 

water quality variability of water sources for MAR within its jurisdiction and don't pose too stringent 

limits that could deter the implementation of MAR. Consequently, this analysis focuses on two main 

aspects: an exploration of MAR water quality at MAR sites in Spain and a comparison between several 

quality parameters in these sites and some MAC-based water quality control standards. 

6.1.1 Evaluation of water quality at Spanish MAR sites 

The evaluation of the hydrochemistry of water sources for MAR at several Spanish MAR sites is based 

on reported values for multiple water quality parameters. This evaluation also entails an analysis of 

the main hydrofacies and the principal water quality issues that every MAR site faces. 

The collection of Spanish MAR sites was established based on the availability of water quality data, 

which was gathered either from the literature or through direct requests to institutions involved at 

any stage of a MAR project implementation. The geographical location and general characteristics of 

the selected MAR sites are shown in Figure 18 and Table 6. 

6.1.2 Comparison of MAR water sources with MAC-based standards 

Hydrochemical parameters of MAR water sources from multiple Spanish MAR sites were compared to 

the corresponding maximum allowable concentrations established by European countries for artificial 

recharge (= Managed Aquifer recharge). This analysis aims to elucidate whether Spanish MAR sites 

would comply with existing regulations and, consequently, whether a MACs approach would satisfac-

torily prevent groundwater contamination, increase the water and food security, and simultaneously, 

give room for further MAR implementation. 

Each water quality parameter from MAR water sources was compared to the corresponding limit in 

the MAC standards. The total number of times the parameter is above the standard was counted. MAR 

sites that are uncompliant with a given regulation due to a breach in the MAC standard were also 

tracked. The water quality parameters available for each MAR site are shown in Table 7. The number 

of water quality analysis considered for each site are presented in Table 8. 
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Figure 18. Evaluated MAR sites in Spain. 
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Table 6. Characteristics of the Spanish MAR sites evaluated. 

MAR site Location Source water 

type 

Objective MAR type 

Arabayona MAR site Arabayona de 

Mógica, Castilla y 

León 

Runoff Evacuation of flooding water 

to a neighbour aquifer 

Rainwater 

harvesting 

Canal Isabel II ASR Sites Region of Madrid Treated water Strategically store water in 

case of need 

ASR 

Careos Granada and Almería 

provinces 

Snowmelt Improve water supply for 

agriculture and villages 

during the dry season 

Water spreading 

Cobre de las Cruces 

Copper Mine 

Province of Sevilla, 

Sevilla 

Treated 

wastewater 

Drain the open-pit area AS 

El Port de La Selva SAT-

MAR site 

El Port de la Selva, 

Catalunya 

Treated 

wastewater 

Water reuse to cover peak 

demands 

SAT 

Guadiana MAR site Ciudad Real province, 

Castilla La Mancha 

River water Recover environmental 

assets and agriculture 

AS 

Los Arenales MAR sites Segovia and 

Valladolid Provinces, 

Castilla y Leon 

River water Reverse groundwater 

depletion and sustain 

irrigation 

Water spreading 

Mallorca experimental 

SAT-MAR site 

Mallorca, Islas 

Baleares 

Treated 

wastewater 

Strategic reservoir for peak 

demands 

SAT 

Sant Vicenç dels Horts 

MAR site 

Sant Vicenç dels 

Horts, Catalunya 

Treated 

wastewater 

Increase the irrigation 

guarantee 

SAT 

Tenerife Pilot SAT-MAR 

site 

Tenerife Island, 

Canary Islands 

Treated 

wastewater 

Incipient experiment to 

diversify water supply 

systems 

SAT 

Urban Water buffer 

Zorrilla 

Valladolid, Valladolid Rainwater Experiment to use urban 

runoff for irrigation of city 

gardens 

ASR 
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Table 7. Parameters considered for each MAR site in the water quality standard analysis. This table did not include para-

meters that were measured as part of the water quality analysis and did not yield a value above the detection limit. 

PARAMETER 
Arabayon

a 
Canal 

Isabel II 
Careos 

Cobre de 
las Cruces 

El Port de 
La Selva 

Guadiana 
Los 

Arenales 
Urban Water 

buffer 
Tenerife Mallorca 

Sant Vicenç 
dels Horts 

Alkalinity, total - - X X X - X - - - X 

Chemical Oxygene 
Demand (COD) 

- - - - - - - - X - - 

Conductivity 
(µS/cm) 

X X X X X X X X X - X 

Dissolved Organic 
Carbon (DOC) 

- = - - - - - - - - - 

Max. pH X X X X X X X X X - X 

Temperature (ºC) - - X - X - X X - - - 

Total Dissolved 
Solids (TDS) 

- - - X - - X - - - - 

Total nitrogen (N) - - - - - - - - X - - 

Total Organic 
Carbon (TOC) 

- - X - X - - - - - X 

Total phosphorus (P) X - - - - - - X X - X 

Total Suspended 
Solids (TSS) 

- - - - - - X X - - - 

Turbidity (NTU) - - - - X - X - - - - 

Calcium (Ca) 
hardness in ºF or 

- - X - - X X X - X X 

Magnesium (Mg) - - X - - X X X X X X 

Sodium (Na) - - X X X X X X - X X 

Chloride (Cl-) - - X X X X X - - X X 

Sulphate (SO42-) - - X - X X X X - X X 

Fluoride - - - X - - - - - - - 

Nitrite-Nitrate (both 
as N) 

- - - - X - - - - - - 

Nitrate (NO3
-) X X X - X X X X X X X 

Nitrite (NO2
-) X - - - - X X - - - X 

Ammonia (NH4+) - - - - X - X X X - X 

Phosphates - - - - - X X - X - - 

Boron (B) - - - X X X - - - - - 

Cyanide (CN-) - - - - X - - - - - - 

Faecal Coliforms (f.c 
/100 ml) 

- - - - X - - - - - - 

E.coli (UFC/100 mL) - - - - - - - X - - - 

Aluminium (Al) - - - - - - - - - - X 

Antimony (Sb) - - - - - - - - - - - 

Arsenic (As) VI - X - X - - - - - - - 

Barium (Ba) - - - X - - - - - - - 

Cadmium (Cd)  - - - - - - - - - - - 

Chromium total (Cr)  - - - - - - - - - - - 

Copper (Cu)  - - - X X - - - - - - 

Iron (Fe)  - - - - - - X X X - X 

Lead (Pb)  - - - - X - - - - - - 

Manganese (Mn)  - - - - X - - - - - X 

Mercury (Hg) - - - - - - - - - - - 

Nickel (Ni)  - - - - - - - - - - X 

Zinc (Zn) - - - - - - - X - - - 

Fats and oils - - - - - - - X - - - 

Naphthalene - - - - X - - - - - - 
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Table 8. Number of water quality analyses of the MAR water source for all MAR sites analysed. 

MAR site Number of water 

quality analysis 

Source 

Arabayona MAR site 1 Provided by an involved party 

Canal Isabel II ASR Sites 2 Nogueras et al. (2019) 

Careos 12 Barberá et al. (2018) 

Cobre de las Cruces Copper Mine 1 Baquero et al. (2016) 

El Port de La Selva SAT-MAR site 1 Amphos 21 (2016) 

Guadiana MAR site 1 Fernández Escalante (2015) 

Los Arenales MAR sites 5 Fernández Escalante et al., in 

MARSOL (2016b) 

Mallorca experimental SAT-MAR site 3 Provided by an involved party 

Sant Vicenç dels Horts MAR site 4 Provided by an involved party 

and the Dessin project 

(https://dessin-project.eu/)  

Tenerife pilot SAT-MAR site 1 Provided by an involved party 

Urban Waterbuffer Zorrilla 3 Provided by an involved party 

and www.fieldfactors.com 

 

 

For the current analysis, the MAC standards of Italy, the Netherlands and Spain (which has two stan-

dards as it differentiates between direct injection and percolation) were considered because they are 

member states of the European Union and consequently share some geographical and regulatory 

characteristics with Spain. Other MAC standards, such as those of Mexico and the USA, imply a differ-

rent context and were consequently not considered. 

The analysis has not been restricted to the MACs for Spain, since the number of parameters it entails 

is very limited (i.e., six) and the thresholds very restrictive. Furthermore, the current Spanish regulatory 

framework does not address MAR adequately, considering this technology a mechanism for water 

disposal. This situation might change soon as amendments are being made to the national water law. 

The value of the MACs in these four MAC standards are presented in Table 9. More information about 

the standards considered has been provided in sections MAR in Spain and Wastewater reuse in Spain. 

 

  

https://dessin-project.eu/
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Table 9. Maximum allowable concentration (MAC) for MAR source water in Italy, Spain, and the 

Netherlands legislation. All parameters are in mg/L unless otherwise noted. 

Country Italy Spain 
(percolation) 

Spain 
(direct injection) 

The Netherlands 

Conductivity (µS/cm) 2500 - - - 

Total nitrogen (N) - 10 10 - 

Total Suspended Solids (TSS) - 35 10 - 

Turbidity (NTU) - - 2 - 

Sodium (Na) - - - 120 

Chloride (Cl-) 250 - - 200 

Sulphate (SO42-) 250 - - 150 

Fluoride 1.5 - - 1 

Nitrate (NO3-) 50 25 10 5.6 

Nitrite (NO2
-) 0.5 - - - 

Ammonia (NH4+) 0.5 - - 2.5 

Phosphates - - - 0.4 

Halogenated organic compounds (AOX) - - - 0.03 

Boron (B) 1 - - - 

Cyanide (CN-) - - - 0.01 

Free Cianide (CN) 0.05 - - - 

E.coli (UFC/100 mL) - 1000 0 - 

Nematodes (egg/10 L) - - 1 - 

Antimony (Sb) 0.005 - - - 

Arsenic (As) 0.01 - - 0.01 

Barium (Ba) - - - 0.2 

Cadmium (Cd)  0.005 - - 0.0004 

Chromium total (Cr)  0.05 - - 0.002 

Chromium VI (Cr VI)  0.005 - - - 

Cobalt (Co)  - - - 0.02 

Copper (Cu)  - - - 0.015 

Lead (Pb)  0.01 - - 0.015 

Mercury (Hg) 0.001 - - 0.00005 

Nickel (Ni)  0.02 - - 0.015 

Selenium (Se) 0.01 - - - 

Vanadium (V) 0.05 - - - 

Zinc (Zn) - - - 0.065 

Mineral oils - - - 0.2 

Aldrin 0.03 - - 0.00005 

Alpha-HCH - - - 0.00005 

Anthracene - - - 0.00002 

Atrazine - - - 0.0001 

Azinphos-methyl - - - 0.0001 

Bentazon - - - 0.0001 

Benzene 0.001 - - - 

Benzo (a) pyrene (PAHs) 0.00001 - - 0.0001 

Benzo (b) fuorantene 0.0001 - - - 

Benzo (g,h,i) perilene 0.00001 - - - 

Benzo (k) fuorantene 0.00005 - - - 

Beta-esaclorocicloesano 0.0001 - - - 

Bromodiclorometano 0.00017 - - - 

Chlorobenzene (mono) 0.04 - - - 

Chlorotoluron - - - 0.0001 

Crysen  - - - 0.00002 

DDT (DDD,DDE) 0.0001 - - 0.00005 

Dibenzo-antraceno  0.00001 - - - 

Dibromoclorometane 0.00013 - - - 

Dichlorobenzene 1,4 0.0005 - - - 

Dichloroethane 1,2 0.003 - - - 
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Country Italy Spain 
(percolation) 

Spain 
(direct injection) 

The Netherlands 

Dichloroethylene Trans-1,2 0.06 - - - 

Dichlorophenol - - - 0.0005 

Dichlorophenoxyacetic acid (2,4D) - - - 0.0001 

Dichloropropane 1,2 - - - 0.00005 

Dichlorvos (DDVP) - - - 0.0001 

Dieldrin 0.03 - - 0.00005 

Dimethoate - - - 0.0001 

Dinitrophenol 2,4 - - - 0.0001 

Dinoseb - - - 0.0001 

Endosulfan - - - 0.00005 

Endrin - - - 0.00005 

Esachlorobenzene 0.00001 - - - 

Esaclorebutadiene 0.00015 - - - 

Ethyl-Benzene 0.05 - - - 

Fluoranthene - - - 0.0001 

HC Total 0.35 - - - 

Heptachlor and heptachlor epoxide - - - 0.00005 

Heptachlor epoxide  - - - 0.00005 

Hexachlorabutadiene (mg/L ) - - - 0.00005 

Hexachlorobenzene - - - 0.00005 

Hexachlorocyclohexane (HCH) - - - 0.00005 

Indeno (1,2,3, c-d) pirene 0.0001 - - - 

Isoproturon - - - 0.0001 

Linuron - - - 0.0001 

Mecoprop (MCPP) - - - 0.0001 

Methyl 2 - chlorophenoxysacetic-4 acid (MCPA)  - - - 0.0001 

Metolachlor - - - 0.0001 

Metoxuron - - - 0.0001 

Mevinphos - - - 0.0001 

Naphthalene - - - 0.0001 

Nitrobenzene 0.0035 - - - 

Organoalogenates Total  0.01 - - - 

Parathion - - - 0.0001 

Paraxileno 0.01 - - - 

PCDD, PCDF 4E-09 - - - 

Pentachlorobenzene 0.005 - - - 

Pentachlorophenol - - - 0.0001 

Pesticides Active substances  0.0001 - - - 

Pesticides- total 0.0005 - - - 

Phenanthrene  - - - 0.00002 

Plaguicides s.l.  - - - 0.5 

Polychlorinated biphenyls (PCBs) 0.00001 - - - 

Simazine - - - 0.0001 

Sum organochlorine pesticides - - - 0.0001 

Tetrachlorethylene - - - 0.0005 

Tetrachlorophenol - - - 0.0001 

Toluene 0.015 - - - 

Trichlorobenzene 1,2,4 0.19 - - - 

Trichloroethylene 0.0015 - - 0.0005 

Trichlorophenol - - - 0.0001 

Triclorometane 0.00015 - - - 

Trihalomethanes (THMs)  - - - 0.002 

Vinyl Chloride 0.0005 - - - 
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6.2 Evaluation of water quality at Spanish MAR sites 

This section provides an overview of all MAR sites considered in this analysis. This overview includes a 

description of the site's objective, context, water sources, main hydrofacies and major water quality 

concerns. This section concludes with a general analysis considering all sites. 

6.2.1 The Arabayona MAR site (Salamanca, Spain) 

The Arabayona MAR site drains water from an area. It conducts it into a MAR canal where water 

infiltrates an underlying tertiary unconfined aquifer comprising conglomerates, sandstone, silt, and 

mud. This site seeks to decrease the impact of water logging. The Arabayona irrigation district was 

settled in a region that had various wetlands. These wetlands were dried up in the 80s to promote 

agriculture and give economic dynamism to a depressed area. Nonetheless, the area's topographic and 

environmental conditions favour inundation mainly due to precipitation, high groundwater tables, and 

irrigation, frequently resulting in crop damage (Figure 19 a,b). To deal with this issue, a series of main 

and secondary sewer systems collect excess water and convey it to the infiltration canal (Figure 19 c) 

(Fernández Escalante & Paredes Núñez 2022). 

 

 

Figure 19. The Arabayona MAR site: (a,b) examples of water logging issues experienced in the area due to poor 

drainage and (c) MAR-canal built to infiltrate excess water. Modified from Fernández Escalante & Paredes Nuñez 

(2022), which is available at https://dinamar.tragsa.es/file.axd?file=/PDFS/P-ISMAR-11.pdf (accessed 28/02/2023). 

https://dinamar.tragsa.es/file.axd?file=/PDFS/P-ISMAR-11.pdf
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The main issue of the source water involved in this MAR site is the high concentration of nitrates due 

to using fertilisers for agriculture. 

6.2.2 The Canal Isabel II ASR Sites (Madrid, Spain) 

Canal Isabel II (CYII) is the Madrid region's main water supply and wastewater treatment organisation. 

It relies predominantly on dam storage to meet water demand and can extract up to 70 Mm3 of 

groundwater from the multi-layer Tertiary Detrital Aquifer of Madrid (TDAM) in case of emergency 

(e.g., prolongated drought). In this context, CYII has conducted Aquifer Storage Transfer and Recovery 

(ASTR) tests at three sites to replenish groundwater storage in the TDAM (Nogueras et al. 2019), 

namely, Casilla Valverde Bis, La Cabaña Bis, and FE-1 R.  

The wells for extraction reach depths around 700 m while the MAR recharge infrastructure does not 

exceed 400 m. MAR trials have been conducted to assess the impact of ASR on water quality, quantity 

and some design criteria for optimal performance (Nogueras et al. 2019; Sánchez & Gutiérrez 2019). 

One of the main analyses by Nogueras et al. (2019) about this trial site is the changes in the quality of 

the injected water as it travels between the injection and extraction wells. The injected water meets 

the Spanish criteria for drinking water set forth by Royal Decree 140/2003. Groundwater levels rise by 

about 8-10 m during recharge. The conductivity of groundwater (300 µS/cm) drops due to mixing with 

the recharged water (90-100 µS/cm) (Nogueras et al. 2019; Sánchez & Gutiérrez 2019). Trihalo-

methanes (THMs) can be found in the aquifer due to the injection of drinking water and show potential 

as a tracer to determine the distribution of MAR water in the aquifer (Table 10). However, significant 

changes in the quality of the native groundwater were not found due to the implementation of ASTR 

and the recovered water met Royal Decree 140/2003 drinking water standards (Table 10) (Nogueras 

et al. 2019). 

 

Table 10. Water quality during the main stages of the ASR trail schemes. Taken from Nogueras et al. (2019). 

 Casilla Valverde Bis FE-1 R 

Parameter Before 
AR 

Beginning of 
recovery 
pumps 

At the end of 
recovery 
pumps 

Before 
AR 

Beginning of 
recovery 
pumps 

At the end of 
recovery 
pumps 

Conductivity (µS/cm) 219 149 317 260 220 431 

pH 7.8 8.78 8 7.49 7.26 8.15 

As (µg/l) 7.5 < 2.5 17 7.2 < 2.5 36.1 

THMs (µg/l) 0 35 1.7 0 11.9 2.1 

Nitrate(mg/l) 2.8 0.3 3.4 4.8 5.6 2.6 

 

The water quality of the TDAM shows spatial variation. It changes with depth from Ca-HCO3 to Na-

HCO3 hydrofacies (Figure 20) (Sánchez & Gutiérrez 2019). 

In this case, water for MAR is of very good quality (urban supply´s surplus) and does not need any 

additional treatment prior to recharge. 
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Figure 20. Groundwater quality around ASTR trial site FE-1 R. Taken from Sánchez & Gutiérrez (2019). 

 

6.2.3 The Careos (Granada, Spain) 

The "Acequias de Careo" are MAR channels of permeable bottom and water-spreading systems used 

in Sierra Nevada, Southern Spain, to increase water availability since the early Al-Andalus (8-10th 

century AD). They consist of dug canals at the headwater of the basins that collect, transport and 

enhance snowmelt and runoff recharge into the underlying fractured aquifer (Figure 21). This recharge 

occurs predominantly in spring and increases groundwater discharge into the lowlands during the dry 

season (Fernández Escalante et al. 2005). 

Barberá et al. (2018) studied the role of the Careos in the hydrological cycle of the Bérchules River 

Watershed, which extends over an area of about 68 km2 on the southern edge of Sierra Nevada. The 

authors integrated different approaches and focused on analysing the hydrochemistry of major ions, 

chemical components, and water isotopes. Water samples were collected from wells, springs and 

surface water points in two campaigns during the snowy (January-February) and the snowmelt (May-

June) seasons of 2015. Snow samples were analysed in April 2015 (Barberá et al. 2018; Jódar et al. 

2022). 

Overall, water in Bérchules has calcium-bicarbonate and calcium-magnesium-bicarbonate type facies, 

with fewer occurrences of calcium-magnesium-bicarbonate-sulphate and sodium-calcium-bicarbo-

nate types. Groundwater electric conductivities range between 19 and 1,188 S˃/cm with an average 

of 111 ˃ S/cm and show some mineralisation level concerning the uplands (Җ 36 ˃ S/cm). The minerali-

sation of groundwater is due to two main processes: the concentration of solutes such as Na, Ca, Cl, 
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and SO4 due to evaporation and chemical reactions between the recharged water and the porous 

medium, namely hydrolysis (e.g., albite, anorthite, and K-feldspar) and dissolution (calcite and dolo-

mite). There is also some input of CO2 to water from biogenic sources in the soil and the atmosphere. 

The study of temperature gradients, isotopes and conservative chloride concentrations led to conclude 

that nearly 78% of basin discharge corresponds to groundwater and that 21% of annual precipitation 

results in recharge. MAR in these areas has considerably increased recharge since the characteristic 

steep slopes, and low-permeable lithologies could not account for the high percentage of precipitation 

converted into groundwater (Barberá et al. 2018; Jódar et al. 2022).  

 

   

   

Figure 21. Examples of Careos in the Bérchules River watershed, Sierra Nevada, Spain. Photos of the 

authors. https://dinamar.tragsa.es/post/Galeria-fotografica-de-los-Careos-de-las-Alpujarras. 

 

Snowmelt and groundwater are predominantly Ca-SO4 and Ca-HCO3 facies (Figure 22), although in 

some particular springs and wells different hydrofacies are observed. 

The source water for MAR in this MAR scheme is high-quality and does not require any barrier to 

reduce the risk of water pollution. Also, the literature doesn't mention any geogenic contaminant that 

could be mobilised by MAR and pose a risk for later human use or the environment. 

 

https://dinamar.tragsa.es/post/Galeria-fotografica-de-los-Careos-de-las-Alpujarras
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Figure 22. Piper-Hill-Langelier diagram for various water points in the Bérchules watershed 

during the snowy season. Own elaboration with data taken from Barberá et al. (2018). 

 

6.2.4 The Cobre de Las Cruces Copper Mine (Seville, Spain) 

The Cobre de Las Cruces Copper Mine is an open pit mine in Southwestern Spain. The mine has 

intersected the Niebla-Posadas aquifer and therefore requires complex drainage (Figure 23 a) and re-

injection (Figure 23 b) system to dewater a large area. The drainage system comprises 32 active 

extraction wells. Before the re-injecting of the abstracted water by means of 28 injection wells in an 

outer ring, water is treated through reverse osmosis to remove metals and other water constituents 

(Figure 24). The drainage and re-injection system transports an annual volume of around 3.2 Mm3 

(Baquero et al. 2016). 

At the mine site, the aquifer is confined by a marl layer whose thickness varies between 120-150 m. 

The native groundwater is almost not renewable and is a mix of two end-members, one of which is 

highly saline cognate water that probably remains since the transgression of the Tortonian Sea. 

Groundwater quality varies spatially. As it travels from the recharge zone in the northern fringe of the 

aquifers to the south, the concentration of As, NH4, and B increase through natural processes pre-

dominantly that involve organic matter, minerals in the porous medium, and mixing of waters. In some 

parts of the aquifer, some constituents' concentration exceeds drinking and irrigation water quality 

(Baquero et al. 2016).  
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Figure 23. The Cobre de Las Cruces mine: drainage well network (a), and re-

injection well network (b). Taken from Baquero et al. (2016). 

 

 

Figure 24. Geological cross-section of the Cobre de Las Cruces mine. Taken from Baquero et al. (2016). 



MARSoluT Enhancing Water Quality by Optimising MAR Design at Active MAR Sites in Spain 

Deliverable D4.3
 

63
 

In the recharge zones, nitrate concentration and sulphate are high due to agricultural activities and 

environmental enrichment, respectively. Nitrate concentrations decrease as groundwater travels 

southward and disappears once the aquifer becomes confined (Baquero et al. 2016). The re-injected 

water must be treated to comply with the water authority's requirements. This treatment takes place 

in a wastewater treatment plant. The resulting water also loses calcium and magnesium (Figure 25) 

(Baquero et al. 2016). Regarding hydrofacies, the native groundwater and the treated groundwater 

belong to the Na-Cl type (Figure 25). 

In this site, the concentration of certain pollutants of natural origin is above desired levels. 

Consequently, water treatment is required before MAR to comply with environmental standards set 

by the regional water authority. 

 

 

Figure 25. Piper-Hill-Langelier hydrogram for the groundwater and treated groundwater at the 

Cobre de Las Cruces MAR scheme. Own elaboration with data taken from Baquero et al. (2016). 

 

6.2.5 The El Port de La Selva MAR site (Gerona, Spain) 

In this site, tertiary-treated wastewater from the town of El Port de La Selva, Spain, is recharged into 

unconfined aquifers through three infiltration basins. Since this site relies on the unsaturated and 

saturated zones to improve the quality of the recharged water, it constitutes an example of a Soil 

Aquifer Treatment (SAT) scheme. The final use of the recharged water is potable water supply. Secon-

dary effluent from the WWTP is directed to a tertiary treatment plant comprising a dual media filter, 
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a granular activated carbon filter to reduce the concentration of certain emerging contaminants and a 

UV disinfection system. Tertiary effluent is finally conveyed to an elevated storage tank providing 

water to the infiltration basins (Figure 26). MAR takes place during winter when primary effluent can 

be treated to reduce total nitrogen to a concentration below 10 mg/l effectively (Fajnorová et al. 2021). 

 

Figure 26. Schematic representation of the El Port de La Selva MAR Site. PZ: groundwater monitoring piezometer; 

DW: drinking water well. Taken from Fajnorová et al. (2021). 

 

Operations started in 2015. Recharge is conducted by means of three infiltration basins with a 

combined area of 439 m2 that operate following wet and dry cycles (Figure 27). Changes in ground-

water quality are monitored through a small network of piezometers located nearby the infiltration 

facilities and down-gradient of the infiltration sites (PZ4, PZ6 and PZ7). Piezometer PZ3 is unaffected 

by recharge and monitors native 

groundwater quality (Figure 27). The 

aquifer consists of unconsolidated 

block and gravel deposits embedded 

in a sand and silt matrix. The total 

thickness is about 13-14 m (Amphos 

21 2016, Fajnorová et al. 2021). 

 

 

 

 

 

 

 

 

 

Figure 27. Plan view of the El Port de La 

Selva MAR site. Taken from Fajnorová et 

al. (2021). 
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The SAT system in El Port de La Selva combined with attenuation processes in the aquifer also helps to 

reduce the concentration of several water constituents (e.g., dissolved organic carbon, chloride, sul-

phate, and dissolved oxygen), which in many cases reach concentration below the ambient ground-

water after travelling through the aquifer (Figure 28). 

 

Figure 28. Concentration of various groundwater constituents at multiple locations related to Port de La Selva 

MAR site. Modified from Fajnorová et al. (2021). 

SAT help to reduce the prevalence of indicator bacteria, enteric viruses and phages (Figure 29) and 

help to reduce antibiotic resistance to the levels found in the native groundwater (Fajnorová et al. 2021). 

 

 

Figure 29. Log-reduction of various microorganism indicators at multiple Port 

de La Selva MAR Site locations. Taken from Fajnorová et al. (2021). 

 

The main water quality concerns related to this site are the fate of microorganisms (bacteria and 

enteric viruses), antibiotic resistance, and contaminants of emerging concern (CEC). In fact, Fajnorová 

et al. (2021) found that despite SAT, which helped remove or decrease the concentration of many 

potential contaminants, 15 CECs were found in groundwater above health-based or drinking water 

thresholds.  
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6.2.6 The Guadiana MAR canal (Ciudad Real, Spain) 

This MAR site utilises opportunistic river water surpluses to recharge it into an unconfined aquifer. It 

consists of a series of wells placed on the river bank of the Guadiana Canal that capture river water 

during high stages (especially in winter) and inject it (Figure 31) into a karstic aquifer comprising 

tertiary limestone and detrital plio-quaternary volcanic sediments. The aquifer is heterogeneous, with 

permeabilities that range between 50 and 20,000 m/day. Water tables are reached at a depth between 

50 and 30 m. The final use of the water stored through MAR is irrigation demands along the Guadiana 

Canal and the restoration of degraded wetlands in the Daimiel National Park (Figure 30) (Fernández 

Escalante 2015). 

 

 

Figure 30. Guadiana MAR site: (a) Daimiel National Park, and (b) Guadiana Canal. 

    

Figure 31. The Guadiana MAR site: (a) Peñarroya dam heading the MAR canal), and (b) MAR well used to recharge 

river water into the mudstone aquifer. Photos of the authors. 

 

Water source hydrofacies correspond to Na-CO3 while groundwater's to Na-CO3, predominantly, and 

Na-HCO3 in at least one well (Figure 32). Groundwater in the area can be of poor quality in some wells, 

especially in regard to nitrate and nitrite concentration, likely as a result of agriculture in the region. 

The main water quality issue in this site is the presence of nitrites above the Spanish regulation for 

MAR (Royal Decree 1620/2007), mainly due to the MAR water collecting method. Nonetheless, the 

quality of this water is often better than the native groundwater, which implies that MAR can help 

dilute pollutants (Fernández Escalante 2015). 
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Figure 32. Piper-Hill-Langelier hydrogram for MAR source water (river water) and 

groundwater at multiple wells employed for MAR. Own elaboration with data taken 

from Fernández Escalante (2015). 

 

6.2.7 The Los Arenales MAR sites (Segovia and Valladolid, Spain) 

The Los Arenales MAR site consists of three large-scale systems that replenish an intensively exploited 

aquifer, namely, the Los Arenales aquifer. They are located on the Spanish side of the Douro River 

basin, Central Spain and are distributed in three main regions: Santiuste, El Carracillo, and Pedrajas-

Alcazarén (Figure 33). 

These MAR systems are a response to the considerable decline in groundwater levels (Figure 34) 

experienced in the southern region of the Douro River basin due to massive groundwater abstractions 

for irrigation. They also seek to ensure irrigation demands in the context of over-allocated water 

resources. 

These systems rely on a combination of infiltration basins, infiltration canals, artificial wetlands, and 

wells (Figure 35) to recharge unconfined quaternary deposits that have, in some parts, direct connec-

tion with sand layers of deep tertiary semiconfined to confined aquifer systems.  
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Figure 33. Location of the Los Arenales Aquifer (LAA) and the Los Arenales MAR sites. LAGB and MCGB stand for 

Los Arenales groundwater body and Medina del Campo groundwater body. Taken from Henao Casas et al. 

(2022b). 

 

 

 

Figure 34. Groundwater level decline measured at groundwater monitoring 

station PZ2045005, near the municipality of Mojados. Taken from Henao 

Casas et al. (2022b). 
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Figure 35. Los Arenales MAR Sites: (a) large infiltration basin in Santiuste; (b) infiltration canal branching out of 

the large infiltration basin in Santiuste; (c,d) La Laguna del Señor in Gomezserracín, a large infiltration basin in El 

Carracillo; and (e) a large infiltration basin in the same village, El Carracillo MAR site. 

 

El Carracillo system relies on water surpluses from the Cega River, which features relatively high quality 

since the water intake is located at a relatively high altitude before water use could threaten water 

quality integrity. The water source in Santiuste is similar, but, in this case, the source river is the Voltoya 

River. Surpluses are granted only when river stages are above minimum ecological flows and during a 

period that varies according to the site and comprises some rainy winter months (e.g. December, 

January, February, and March).  

The Pedrajas-Alcazarén site uses treated wastewater from the Pedrajas de San Esteban wastewater 

treatment plant. The main concerns related to this water source are emerging contaminants and Total 

Organic Carbon (TOC). Originally, the Pedrajas-Alcazarén was planned to use water surpluses from the 

Pirón River and urban runoff from the Pedrajas de San Esteban municipality. However, due to admi-

nistrative conflicts concerning river water use and water quality issues, these sources are temporarily 

shut down. The Los Arenales MAR Sites have yielded an average recharge of about 4.8 Mm3/year 

between 2002 and 2020 combined. 

In Santiuste and El Carracillo sites, the predominant water facies are Ca-HCO3, while in Pedrajas-Alca-

zarén SAT-MAR, the main water type is Ca-SO4 (Figure 36). Chemical data have been obtained from 

MARSOL (2016b). 
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Figure 36. Piper-Hill-Langelier hydrogram for MAR water sources and groundwater at the Los Arenales MAR sites. 

 

6.2.8 Mallorca experimental SAT-MAR site (Balearic Islands, Spain) 

In this site, an experiment was undertaken, consisting of over-irrigating crops to recharge an 

underlying aquifer via irrigation returns. The agricultural area in which this experiment took place is 

distributed between the municipalities of Maria de la Salut, Sineu and Ariany. It is limited to the east 

by the road from Petra to Santa Margalida (Ma-3340) and to the south by the Ma-3301 road. This site 

consists of small or very small plots of land. 

The irrigation system uses private wells that pump water at a corner of the plots and distribute it by 

gravity. The total area is 160 ha. The crops grown are mainly fodder crops, cereals, almonds, vegetables 

and, to a lesser extent, some fruits and citrus fruits. 

Between 2013 and 2018, the experiment took place employing "stimulated recharge" by applying a 

dose of irrigation above the crop's necessities with reclaimed water proceeding from a Maria de la 

Salut wastewater treatment plant (Figure 37). The excess water reaching the aquifer and the interac-

tions in the saturated and unsaturated zone were analysed through a well located at a lower hydraulic 

level. 
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Figure 37. Mallorca experimental SAT-MAR site: (a,b) Pond to store water from the Maria de Salut wastewater 

treatment plant; (c) on-site information about the EARSAC project; and (d) irrigation system at one of the plots 

studied. The orange arrow indicates the piezometer's position. 

 

Sequential analyses were conducted over five years, enabling the study of the interaction processes 

between reclaimed water and the receiving medium and water crops. The results are available in the 

book published at the final of the EARSAC project (https://dinamar.tragsa.es/pdf/libro-earsac.pdf, 

accessed on 28/02/2023). The results demonstrated that the system began to function in a permanent 

regime after five years of irrigation in terms of both groundwater quantity and quality. 

The treated wastewater corresponds to Na-Cl hydrofacies while the groundwater varies considerably, 

showing Ca-Cl, Ca-SO4, Na-Cl, and Na-HCO3 water types (Figure 38).  
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Figure 38. Piper-Hill-Langelier hydrogram for MAR water source (treated waste-

water) and several monitoring sites established during the EARSAC project. 

 

 

6.5.9 The Sant Vicenç dels Horts MAR site (Barcelona, Spain) 

This MAR site is located in the Llobregat area and the vicinity of the municipality of Sant Vicenç dels 

Horts, Catalunya (Figure 39). Water from the Llobregat River is conducted to a decantation pond with 

an area of about 5,600 m2. Subsequently, the water is taken to an infiltration pond (4,000 m2), where 

water percolates into an unconfined aquifer a few metres thick (and up to 10 m). The main purpose of 

this MAR system is to increase groundwater storage at the local scale. Yearly recharge volumes are in 

the order of 1.2 Mm3/year. 

In 2011, the infiltration pond was upgraded with an organic layer of vegetal composts in order to 

enhance the removal of certain water constituents through processes such as adsorption and 

degradation.  

In this site, MAR water source and groundwater have a very similar proportion of major ions and are 

predominantly of the in all cases of the Ca-HCO3 hydrofacies (Figure 40). A major water quality concern 

of the recharge water is CECs. 
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Figure 39. The Sant Vicenç dels Horts MAR site. Location and images of the different parts of the system. Taken 

from the website of the DEMEAU project (https://demeau-fp7.eu/sites/files/SVH.png, accessed on 28/02/2023). 

 

 
Figure 40. Piper-Hill-Langelier hydrogram for MAR water source and ground-

water at several monitoring sites in the Sant Vicenç dels Horts MAR site. 

https://demeau-fp7.eu/sites/files/SVH.png
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6.5.10 The Tenerife pilot SAT-MAR site (Canary Islands, Spain) 

A new experiment on Tenerife Island conducted by the Consejo Insular de Aguas de Tenerife (CIATF) is 

currently taking place, consisting of the surplus of the wastewater treatment plant Valle del Guerra 

(Northeast of the Island) to be injected into fractured basalts formations through a dug-well (Figure 

41). The objective is to study the behaviour of the receiving medium and the interaction processes 

between reclaimed water and the aquifer. Also, this site aims to advance the knowledge of the 

groundwater movement through volcanic fractured aquifers, which behave as a heterogeneous and 

anisotropic aquifers. 

The water is injected through the 20 m deep and 1.20 m of diameter dug-well, which in this particular 

case is known as a "Canarian well". The project will run for at least one year.  

The water quality evolution will be tested in two exploitation wells located downwards according to 

the groundwater flow gradient, namely, Río Claro and La Noria wells. Both are used for the irrigation 

of banana trees' plots of land. 

 

 

 

Figure 41. EDRAR Noreste, Tenerife, Spain, where a new SAT-MAR experiment with reclaimed water in volcanic 

rocks is beginning. EDRAR Noreste (a), and future plot for the percolation well (b). 

 

Groundwater in this MAR site belongs to Na-Cl-HCO3 hydrofacies (Figure 42). 

The results of this MAR trial will be provided at the end of the project by 2024. 

 










































































































