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Managed AquifelRecharge (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, industidadlianking water supply,

and the recovery or preservation of environmental ass&®bally, water resources are increasingly
under pressure. MAR offers the potential to buffer water resource availability and meet demands in
periods of water scarcity. Ceaquently, 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 kAoew on MAR implemntation. The
present report is part of the Managed Aquifer Rechagaution Training Nevork (MARSoIUT ITN,
20192023), which aimedb train experts in MAR.

The eport deals with the objectives of work package four (Wéf4he MARSoIUT projeeindaimsat

helping toimprove water qudity by optimising MAR design at active MAR sites in Spainrefiost
tackles four knowledge gaps on MAR in relation to water quality: (i) the need for a review of current
regultions on MAR and how they usealimumAllowable Concentrations (MACSs) 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 natiblevel 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 augtlogies 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exploitation of published and unpublished water quality analyses and water quality standards involving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 firstknowledge 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 omrmedter quality challenges

for MAR is provided, including the context, histofuture andthe need for a ristbased approach.

The Monitored and Intentional Recharge (MIR) conceptual model is a response to knowledge gap
three, comprising a set of nine ldks that elaborates on the most critical aspects that must be con
sidered to draft MAR regulations and guidelin€kis section also entails a series of recommendations
directed to future regulations on MARcluding developing a common terminology widgalimpli-
cations,consideringa permitting process, new legal development, the inclusion of budgetary aspects,
regardto the technical background for authorisatioand the fact thatvater standards for MAR must

be designed at the aquifer level

The fouth knowledge gap was addressed through an analysis of source water quality in MAR sites in
Spain and a comparison between them and three European-b&s€d standards (ltaly, Spain, and

the Netherlands) to evaluate the efficacy of MAC in dealing with waddution at MAR sites. This
section showed the high variability in terms of water quality at 11 MAR sites and the inadequacy of
MAGChbased standards to control pollution while allowing for MAR implementagicthe national or
European levelsThis sort of standard could be usefgjuiferwide. This analysis also concluded that
focus on quality should be given toe 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 unsaturated zones should be
regarded. Finally, biochaa promising lowcost 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 Wilbbkeme a
necessity, anthat there is aneed to continuenvesting in (1) applied research to improve insights into
the development of freshwateconesin saline environments, (2) define measures to increase the
efficiency of MAR systems and social accepearand (3), consider the beneficial impact of the
unsaturatedand saturatedzones.
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The MARSoIuT Interactive Training Network (iWa$)a Marie{ { U2 R2 ¢ a1 [/ dzNAMHat R2 Ol 2 N
aimed attraining 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 techoicéibss for MAR.

The PhD candidates' research has also been groupeddatavork packages (WPs) which focus on
different aspects of MAR, including sustaining high infiltration ratesljWWPimproving water quality
for MAR (WP2). The results of the Wifs presented as deliverablesibmitted to the European Com
mission. The W&and PhD researds give answers to knowledge gaps detected by the conswortiu
and, in some cases, contina® active line of research started in previous projects, notédyFP7
MARSObroject (www.marsol.ed). This deliverable (D3) is part of WP4 and deals with MAR design
and construction criterialts specifimbjectives are:

1. Implementation of monitoring systems.
2. Development of a regional river basin model for scenario analyse
3. Improvingwater quality by optimising MAR design at active MAR sites in Spain.

4. Statistical analysis and evaluation of lelegm monitoring data and site upgrade of identified
hotspots.

The objectiveof WP4is reflected in the report title andims to povidedesign and conceptual solutions
that can help to optimise MAR performance with a focus on Spain.

Fourknowledge gaps and an opportunity were identified as adequate resdar®hARSoIuT anthis

report. The first knowledge gap entails the regulatigmework for MARIn 2016, MAR was carried

out in 62 countriesaccording to Stefa®& Ansemgq2018) To date, the number of countries that have
created regulatory or guiding documentation for MARmi$y around 16. Regulating MAR is crucial for
successfuexperiences. An irresponsible praxis can lead to issues such as water logging and ground
water contaminationFurthermore,anissue concerning water quality and MARhe fact thatsome

of the existingregulatory frameworks are too stringent, deterringew projects (e.g., the Spanish
regulation) or too permissive, failing toontrol pollution effectively

The second knowledge gap is a sound discussion of the main modern water quality challenges for MAR
and some isight 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 implementatidés mentioned above, several countries
have created regulations on MAR, but no documextta higher abstractio levelare available

1 Accessed on 19/01/2023
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Thefourth gap identified is the lack @fvailable information on the types gburcewater qualityfor
MAR across Spaend whether it is adequate to regulate artificial recharge by a national standard
based ormaximum allowableoncentrations (MACS critical water constituents

The opportunity developed in this report is exploring the potential of biochar to improve water quality
in MAR watesspreading methods (e.g., infiltration basins and channels). This material is lglativ
cheap, can be produced from easily available organic detritus arfgtdmucts and shows great
potential to removepollutants in water and soils.

Based on thsegaps andpportunities this report develops the following research lines:

1. A review of theexisting regulations and guides for MARith 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. Recommendationand a conceptual model for creating new regulations and guides on MAR.
4. A study on the different water quality types foundSpain's source water of MAR systems
5

A white paper on the potential diiocharfor MAR will lay dowrhe basis for future research.

The structure of the present deliverable is the followitige report starts with objectives, followed by
Section3, whichdeals withresearch line 1 angresens a review of the regulations and guidelines
concerning water quality for MAR. Tialowing section Sectiord) discusses modern water quality
challenges for MAR (knowledgmp 2). Subquesently, Sectibnnvolvesthe third research lineby
providing recommendations for regulations and guidelines and introducing the Monitored and Inten
tional Reclarge (MIR) conceptual modd.review ofthe water quality of MAR water sources in Spain
(research line 4) is provided fection & The literature review on biochdocusingon MAR, which
corresponds tdhe opportunity(research line 5)s presented irfection7 andin Annex1. This report
finalises with Conclusions and Recommendaticgst{on 8) andReferences3ction 9). TheAnnex

fully develops theopic briefly introducedin Section 5
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The main objective of this report is to hefpproving water quality by optimising MAR dgsiatactive
MAR sites in Spaiffo accomplish thaims there are four specific objectives:

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

2. Providing recommendations and conceptumodels that can help producimgew 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.

Thesetargetssomewhatexpand the desription of Deliverable D4.8'contentas initially defined in the
project's work plafMARSoluT Grant Agreemeént
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The first step toward proper management of MAR systems and controlader 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 MARSoIUT prajeetnandez Escalante et al. 2020,

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

recommendations on water quality control for artificial recha(gdV/AR)(Fernandez Escalante et al.

2020) and a conceptual model containing the most relevant aspects to bear into consalevaten

drafting MAR guideline~ernandez Escalante et al. 20ZP)is section presents the preliminary ana
lysis of MAR guiding or regulating documeifiigble landFigure 1show the documents reviewed and
their geograpldal distribution, respectively.

Tablel. Regulation, guidelines and operator rules for managed aquifer recharge. Modified from Fernandez Esca

lante et al.(2022)

Country Scope Soft/hard | Type Year MACs il\r/]l\,;l‘olTvt:;hnlques

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, SAMAR

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 Basins

Windhoek Local Guidelines, regulation | 2004 Basins, interdunal, ASR

(Namibia) proposal

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 SATMAR(reuse)

Thailand National Hard Guideline 2022 ?

The Netherlands National Hard Regulation (under 1993 X SATMAR, dunes, ASR

review)

The Shafdan (Israel) Local Hard Operator rule 1966 X SATMAR, basins
National**

Torreele (Belgium) | Local Hard Operatorrule 2012 SATMAR, dunes

USA National Soft Regulation 1974 X ASR, AR

WFD International Soft Regulation 2000 Basins, ASR

WHO guidelines International Soft Guidelines 2001 SATMAR(reuse)

Deliverable D&
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Figurel. Geographical distribution of countries and regions with guidelines on MAR. Modified from Fernandez
Escalante et a(2020)

The preliminary review of documents on MAR will be structured from the international to the local
levels. All text between quotain marks has been taken from Fernandez Escalante @0#0)

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 tasegan in 1975 with a Directive 75/440/EEC on surface water quality for drinking water
abstraction (Coucil of the European Communitid®75). Groundwater had to wait four years more

to receive attention, which came with the Directive 80/68/EEC (Counttiedturopean 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. Thieffort was broadened through the Guidance DocumenELfdpean
Commissior2007). The text of the 2000/60/ CE contains, aiste five direct references taattificial
rechargé and"reuse' in its articulate. The Article 11(&) introduces a requiremdrfor prior autho
risation subjecting MAR to a preventive and limited assessment (in line with Artigléb?(@®) to
ensure that the activity does not hamper its environmental objectives. It demaadgrols, including

a requirement for prior authorid#on of artificial recharge or augmentation of groundwater bodies
and that"these controls shall be periodically reviewed and, where necessary, upd@asRSOL
2015; European CommissioR012). 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.

Deliverable D& 12
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The Groundwater Directive 2006/118/EBEufopean Parliament and Council of the European Union
2006), in its Article 6{3d), develops additional regulations in the form of an exemption to those MAR
activities permitted under the WFD. It also considers MAR technologies assible measure to
achieve the good status objectives for water bodies. However, the WFD does not spmeegiement

tation strategies, or adopts a limit value approach, but provides strategies to establish good qualitative
(ecological and chemical) and quantitative statdsath 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, igin,) for MAR are regulatedMARSORO16).

The catdogue 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, agpéadso 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 amiinimum 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 P&io 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 Mm."

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 poliejated issues (vol. 1), wastewater reuse in agriculture
(vol. 2), and aquaculture (vol. 3) and the use afreta and greywater in agriculture (vol. 4). These
guidelines establish a framework, which allows assessing-sattiral, environmentaleconomic and

policy aspects of "aquifer rechargehcludingpublic healthrisk, 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 coemto adapt the guidelines tdHeir own social,
cultural, economic and environmental conditidr&nsik & 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 withaut any specific MAR regulation.”

3.1.3 Europeanguidelines for water reuse

In August 2022the EiropeanCommissiompublished the"Guidelines to support the application of
Regulation 2020/741 on minimum requirements for water rélisghe journalof the EuropeariJnion.
These guideline%seek to facilitate and encourage the practice of reusing wédeirrigation in agr
culture" (European Commission 2022he guideline provides rulésr two main aspects:

1 A uniform set of water quality requiremesitfor safely using treated wastewater from urban
environments in the agricultural and irrigation context. Maater quality requirementsn the
document impy that water intended for agricultural reuse must undergeatment beyondhe
level set forth byDirective 91/271/EEC, which governs urban waste water treatment.
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1 Arisk management approach that addresses potential health and environmental risks, minimum
monitoring requirementsand rules for permitting and information transparency, borrowing
some aspets from the Australian guidelines for MAR.

Some commentn these guidelines and a hypotheti¢alropeardirectivefor MAR were developed
in the article by Ferndndez Escalantak(2021)

3.2 National level

3.2.1 Brazil

"The National Water Resourcesudoil (CNRH) Resolution 153/2013 regulates MAR at the national
level as defined in article 2uhnatural introduction of water into an aquifer, by planned anthropic
intervention, by the construction of striieres designed for this purposeThis resolutiorrequires

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 rechargingater 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 Brpmilviding areview of

laws at the federal and state level. At the federal lefaly legal documents deialgwith groundwater
mention MAR. BetweeB001 and 2008, several resolutions by the Water Resources National Council
provided the national regulatory frameworkf®1AR, 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 lewdlich have been developed predominantly in semi
arid regionsof the country. Stee rules for MAR comply with the national requirements aimdsome
casesare more stringent. Shubo et g2020)highlight the legal framework for MAR in Pernambuco
and Ceard, which promote M®through tax rebate schemes.

3.2.2 Chile

"The 'Decreto 203 Reglamento Sobre Normas de Exploracién y Explotacion de Aguas Subtérraneas
(Decree 203 Regulation on Norms for the Exploration and Exploitation of Groundwater) (Ministerio
de Obras Publicas 20}, in its articles 47 and 48;ggulations on standardsrules the authorisation

and thepermit systems and defines the requiradonitoring duringMAR operations. Nevertheless,

this decree does not pragde any water quality standard.”

The Chilean &tionallrrigation Commissiorfrom the Ministry of Agriculture an8CIRO Chile have also
developed a methodological guidelio® the operational framework for MAR projedt€NR&: SCIRO
2020) It is intended to providérigationorganisationssuchaswater userswith an overview of poten
tial MAR methods to increaseamdwater availability. The document is scopedtbemerechardng
unconfined aquifersdiverting surface water as source water for MAR, and irrigatiothadinal use.
This guideline elaborates on MAR methods and their technical aspects (costs, waiber, siesign and
construction, etg).
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3.2.3 ltaly

"In this country, under the "Decreto 2 maggio 2016, n. 10 A Yy A a4 SNB RSt f Q! YO A Sy (
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 arein good chemical status still according to the WFD/GWD. Recharge is only allowed for
groundwater bodies not in good statusr for groundwater bodies in gml statusbut with a
standing/negative trend in the presence of pollutants. As per the source watéch 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. Therefordiese quality standards are well adapted to Riverbank
Filtration (RBF) and infiltration basins specially allocated near the riverbanks. The Italian regulation
also requires ongrear 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 continuouféigiency monitoring

during MAR operations in order to stop operations inecagquality 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 Rossett& Bonari (2014) in Acque Sotterranee, Italian Journal of Groundwater special
issue on MAR (Vol 3, no 3, 2014)."

3.2.4 Mexico

"The 'Norma Oficih Mexicana NOM)14-CONAGUAR003" (Official Mexican law norm NO®4-
CONAGUAR003) Conagu&009) establishes a water quality standard with maximum allowed values
for 95 different compounds and parameters. Thé&ldrma 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, irtigation

3.2.5 Portugal

"The Decred.aw 69 2000 of the Ministerio do Ambiente e do Ordenamiento do Territorio (2000)
specifies the necessity of an erimentalimpact assessment foiGroundwater abstraction or arti

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

or greater than 10 million fyear". The Water Law (Lei 58_2005) (Assembleia da Republica, 2B05) h
areference to MAR in article 38"t NP KAOAGA2Y 2F RANBOUGU RA&AOKI NHSaA
and control of artificial recharge of groundwater, including the establishment of a licensing fegime
Therefore, there are no PADs published, but ttesree outlines the intention of a proper regulation

to address thent

In December 2022, the Portuguesational Assembly issued thegsolucdo da Assembleia da Republi
can.° 86/2022, de 26 de dezembr@Resolution of the Assembly of the Republic no. 8282, of B
December), a resolution thatécommends 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 andiimment of Thailand developedHe Standard
Gudelines forArtificial Groundwater RechargéDepartmentof Groundwater Resources (DGRR2)

a document that is expected to tap into the cowir potential to increase groundwatevailability
through MAR.

3.2.7 The Netherlands

"The InfiltratiebesluiBodembescherming (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 bodditiaally, 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 infilition 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 pararsatarkl 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 wasti¢ev; the MAR technologies addressed are ASR
and interdune infiltrations and the final uses of water are irrigation, wetlands restoration and the
avoidance of salineater intrusion."

3.2.8 USA

"The Underground Injection Control Regulations and Safe bgiater Act Provisions (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 drirking 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 desighageration 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 attenution capacity (Maliva 2020). An updated list of the water quality standards for

the recharging water (USPA2019) is provided in the Annex."

3.3 Regional level

3.3.1 Arizona (USA)

"This section of theifle 45 (water) belonging to the Arizona statutefséne 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 (Dillort 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 regattdarrigation of golf courses."
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3.3.2 California(USA)

"The"Groundwater Relenishment Using Recycled Watédaiv explicitly addresses the lothreat ASR
projects. It defines the permitting process, the requirements and the water quality standards in water
injeced 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 rAodtirier 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. @16). It also requires pilgesting before fullscale 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 consideréctated 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 Lapglication 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 thetyga&tment

are a function of the quality of theative groundwater (Yuan et &016). Furthermore, these water
quality standards involve the treatment capacity of the infifing 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 (Nation& 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 ével

3.4.1 Torreele (Belgium)

"The Torreele wastewater treatment plant infiltrates effluents through the dunes of the St. André
Watershed, constituting a SAMAR project. Before infiltration, water is subject to membrane filtration
techniques, which account for thergent 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 tegiesolo
addressed by the rules are wells and dunes, and the final use of water is the indirect potabk re
through artificial rechargefahe dune aquifer of SAndré."

3.4.2 Windhoek (Namibia)

"A draft of water quality standards and regulations are beiggby 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, nadissglved organic carbon
(DOC)assimilable aganic carbonAOC)electrical conductivit 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 ¢éiselents 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 enviremental purposes."

3.4.3 The Shafdan (Israel)

"The Shafdan is a SMAR 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 MACSs, specifying the quality that water must comply prior
GAGK AYFALONXr A2y GKNRdAzZZAK GKS &a2Afe® LaNIStQa bl
regulations drafting and applies these quality standardslithael MAR projects in the country, whilst

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

treated wastewater and to a minor extent desalinated water. The MAR technologies involved are
infiltration ponds andASR, 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 inSpain

"The Royal Decree 1620/2007 for water reuse (RQE) is specifically designed for water reuse. It
stipulatesthe water quality standards in MAR considering teituations, either direct percolation
(surface recharge using the unsaturated zone as a natural filter) or direct reqharggection),either

inthe unsaturatedareaat a certaindepth (not specified) or directly below the phreatic level. The water
quality standards comprehend six parameters, with a particular focus on biolagitalounds, given

the origin of the water (wastewater treatméplants). Thevater 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 waténrigation, andin somecaseswater 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 Bayal Legislative DecréBeal Decreto
Legislativoor RDL1/2001)), andof the regulation implementing ,itRoyal Decree 849/1986 (RDPH).
After the period of public participation (with contributions from MARSotonsortium members),
some MARelated modificatims are expected, e.g. the terngéstionadd (managed) is proposed as
asynonym of'recarga artificidl or artificial recharge.

MARSolor members proposedo includea point 5 in the article 258.3 of the WaatAct, literally Any
surplus water volume of appropriate quality shall be suitable for managed (or artificial) aggtfer
charge' This point was also proposed for the Peruvian water regulations, and is expettingeaan-
kingdecision makerdinal decision.
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According to the draft of the Spani§bfroundwater Action Plag0232030(currently in draft version
and under public participation period), MAR is still slightly considered in Spanish regul@tiedACs
limits published in theRoyal Decree 1620/200@r water reuse and atrtificial recharge are expecting
the publication @ the imminent Directive aboutdrttificial recharge and war reuse for agricultural
uses'

According to theRegulatbn (EUR020/7410f the European Parliament and of the Council of 25 May
2020 on minimum requirements for water reuseradle 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 summaryfuture or even imminent Spanish wateegulations include:

Background on MAR in the Spanish regulatory frameyar# how water quality is regardex/oiding
MAC limits and in consonance with the rest of the EU members. Meanwhile limigstatdished for
spills,applyingvery stringentmaximum allowable concentratiof®™ACS).

Water reuse in Spain and its relation to MA&RRluded in the Water Act and RDPH (revised), in the
National Water Reuse Plan 202015, andn the National Plan for Purification, Sanitation Efficiency,
Saving and Resing DSEAR

Review of thenovel SpanisiGroundwater Action PlaR0232030 which willbe published in the next
few weeks, and iconsiders MAPRriefly, appearing the term "recarga artificial o gestionadiaree
times:

a. Pg. 63Artificial or managedquifer recharge, in its many different forms, is one of the techni
gues to be valued in water resources management.

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

c. Pg. 90 (repeatediConsideration andppropriate regulatory treatment of artifial or managed
aquifer recharge.

Therefore, Managed Aquifer Recharge application must improve within Spanishnekted regula
tions, due to the fact that its consideration is still below current water managgmecessities, and
specially, below the climate change’s adaptation demands.

3.5.2 Wastewater reusdn Spain

Two policies have focused on promoting wastewater reuse at the national level. The first of these
policies was thé&lational Water Reuse Plan (202015), which tried to involve regional and river basin
authorities towards building infrastructure and capacity for wastewater reuse. Among othject

tives, this plan aimedt creatingfinancial instruments to promote wastewater reuse, replace the
source of concessions from conventional to treated wastewater in cases epatable use, promote

good practices, and raise awareness about the benefits of using recycled water. All these objectives
had to consider the WFI[European Parliament and Counciltbe European Union 2000yhich
commands the good status of water bodies in the(EhdlarAbellan et al. 2019)
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In 2021, the National Plan for Purification, Sanitation Efficiency, Saving and Reusing (NPPSSR) was
enacted by the national governmeITERD 2021)his plan constitutes a respse 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 thesecaowventional
resources in substitution of resoces 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 #&malyse 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 framefsorkeuse (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 (Cananys)slgith effluent from the Barranco
Seco wastewater treatment plant. The additional water was used in agricultural irriggkimtar
Abellan et al. 2019Ever since, wastewater reuse in Spain has increased, driven by water scarcity and
the overallocationof conventional water sources. The total national volume of water reuse rose until
2005, when it stabilised at around 500 M(Rigure 3. However, in 2018, the volume of treated waste
water (481 Mnd) was considerably below the targeted volumes by the dweti Plan for Water Reuse
which were 998 and 1,403 Mhin 2015 and 2021, respectivéMITERD 2021Nonetheless, Spain is

the European Union country with the largest share of reused treated wastewater and ranks among the
top ten globally(JédarAbellan et al. 2019)

Moreover, the potentidof Spain for wastewater reuse is the highest among European countries. It
was estimated at 1,200 Mhper year in 2025 (AQUAREC). In economic terms, according to Pistocchi
et al.(2017) Spain could provide more than 1,500 Kaf reclaimed water at a marginal cost below
0.25€ w3,
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Figure2. 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, nhamely 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%, respectivducte J.
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Figure3. 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 (L0%), and the cleaning of sewerage and urban streets (Fgyre 4 (JodarAbellan

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 intuat¢JodarAbellan et al. 2019)

2%

Agriculture

M Industry

36%
Parks and recreational areas

B Cleaning of sewerage and/or street
cleaning
M Others

Figure4. Primary uses of reclaimed water in SpgiadarAbellan 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 wastewaters&cks
condary treatment, and 34% requires more stringent treatm@@ECD 2019 his lack of treatment
breaches Directive 91/27TEHCouncil of the European Communities 1994hich establishes the
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minimum requirements for the collection, treatment and disposal ofstewater in the European
Union.

Furthermore, wastewater treatent should be in line with the Water Framework Directive
2000/60/CE(European Parliament and Council of the European Union 20@8ich commands
member states to guarantee water bodies' good qutative and qualiative 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 thdevant quality objectives and the relevant
provisions of this and other Community Directiv@Sbuncil of the European Communities 19%pain

applies the same discharge limits set by Directive 91 /271/CEE for medium and large cities (>2,000 PE)
and 3 million PE without coverag@ragon et al. 2013)

Small villages are particularly behind in terms of water sanitation. For instance, small villages constitute
96% of thewastewater WWW) discharge points iCastile and Lan (Cyl), and it's estimged that only
40-50% of the population in these urban conglomerates have adequate sanitgti@mrtas et al. 2013;
Aragon et al. 2013)Some of the challenges for the implementation of wastewater treatment in small
villages in CyL arBlumerous spred urban nuclei with small populationscarce economic resourges
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 ounsmts

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%@fegion's water pollutiorfHuertas et al. 2013)

Solutions coping with wastewater treatment in small villages in Spain should bear the following
aspects: snplicity 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 comalile amount of water and should
comply with minimum quality requirements even when part of the system (@krcia et al. 2001;
Huertas et al. 2013)

Some steps in the correct direction towards adequate sanitation are taking place. Between 2010 and
2013,the Confederacién Hidrografica del Due@HD built 14 pilot wastewater treatment plants in

small villages in Castile and Leon, consideringdost and flexible technologies. Some employed
technologiesincluded artificial wetlands,eptic tanks, filtertrenches, green filters, and lagooning
(Primo 2013) The CHD anthe Centro de Estudios y Experimentaciéon de Obras Publicas (CEDEX)
assessed eight of these projects for two years, concluding the adequacy and efficiency of the tested
technologies.

Wastewaer could become a reliable and plentiful source of water for MAR. Henao Casg@e2ab)
explored the potential to conduct artificial recharge in the Los Arenales MAR sites in Spain using
wastewater and diminishing relianam surface water bodies. The following is the explanation of the
methodology the authors used and tinenain findings:

2 https://www.chduero.es/proyeefiloto-tratamientevertidos
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"According to Representative Concentration Pathway (RCP) 8.5 climate projdstiGhgerreiro
et al.(2017) and CruzGarda et al.(2016), the Douro River flow is expecteddecrease by around
71% in autumn and up to 91% in winter. A similar decrease owald in the rivers providing water
for MAR under the expected decline of precipitationd®in the DouroRiverbasin.

We estimate the volume of wastewater produced in the LAGE Arenales groundwater bodjat

could be treated andecharged in the Los Arenales MAR systems, potentially replacing river water as
the mainsourcein the faceof decreasingiver flow. We corsidertwo primary sourcesof wastewater:

() householdand industrial sewage and (ii) stormwat®¥e estimate the wastewatgoroduced

by industryand householdsn eachmunicipalitythrough Equation(1):

Vr = Vo P DF (17 SL) (1)

where Vr is the household and industrial sewage potentially available for redsds the average
drinking water supply per inhabitant per year (170 litres/inhabitant day for urkaas with little
commercialactivity), P is the population,DF is the discharge fdor representingthe fraction of
drinkingwater that goesinto the sewagesystem(80%0), andSL is the sewage system losses (15%). We
estimate the reusable wastewater in the LAGB dnjding the individual contributions of the
municipalities in the regiorgomputed throughEquation(1). We obtain urban agglomerationsn the
LAGBand their correspondingpopulations from the 2018 Geographiclnformation Database of
ReferencePopulationsofthe NationalGeographidnstitute (IGN).

We estimate stormwater as thgroduct of the average annual precipitation and tinoanarea,con
sideringpavedsurfacessuchasroadsandrooftops.We compute the average annual precipitation in
the LAGB using Thiessen polygons and rainfall bdetareen 1985 and 2020 from meteorolagi
stations of the Spanish Meteorological Agen&EMET)Y2444,2422,2150H,2503X,2117D)and
InfoRiegoa systemfor irrigationrecommendation by the Spanig¥inistry of Natural Resources and
EnvironmentAgriculture and the JCyL (SGO01, SG02, VAI8R3, VA06, AVOl)We use three
information sources to obtain urban area, resultingtimee estimations of potentially recyclable
stormwater: continuous and discontinuous urlfabric area from (i) SIOSE and (ii) CLC for 2014 and
2018, respectively, andiij 85% of theurban agglomeration area reported in the Geographic for
mation Database of Referen&opulations by the IGN, assuming that the remaining 15% of the area
corresponds to greearbanspaces'

"Our calculations indicate that there is likelyd 2Mm? year * of wastewater from householdand
industriesin the LAGBWe estimatedrecyclablestormwater at 19.9 Mm3year 1, 15.6 Mn? year 1,
and 10.1 Mmyear?!, using IGN, CLC, and SIOSE urban area informeggpectively. The total
recyclable watelies between 22.8 Mryear and 13.1 Mmyear ! (Figure 5. The potentially re
usable wastewater is between 4.8 and 2.7 times the avekdgRin the period 20022020(Avg.MAR,
Figureba, b).
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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 &r&illo and Santiuste together. Sources of urban area
extension: IGN: National Geographic Institute; CLC: CORINE Land Cover; and SIOSE: Spanish Land Occupation
Information SystemFrom Henao Casas et 2022b)

If the actual urban area in the LAGB corresponds to the value reported by theéhé&éktimated
reusable water (22.8 Mfyear 1) could cover the maximum allowed annwiVersion of river water
for MAR in EL Carracillo (14.2 Myear ') and Santiuste (8.5 Mhyea'!) combined (22.7 Mrh
year 1) (Max. MARFigure5a, b). Note that the maximunallowed annual diversions of river water
for MAR constitute a limit aiming to respeetological flow and downstream users. Actual
diversion volumes are often <50% ofthe maximum allowed volumesSome of the estimated
recyclable water might not bbarnessedlue to water quality issuesor logistical,practical,and
financialconstraints aswell as further losses in the collection system oet@poration.

Replacingiverwater surpluseswith recycledwastewaterentirely or partiallycouldalso contribute
to increasing water security against drought, which can further de@etgélablesurfacewaterin
the area.

There is a need for wastewater treatment in CyL, and a fadberrsechnical andegulatory
environment for reuseln this region, 50% of small villages (>2000 equivalent inhabitants) lack
wastewater treatment. This situation breaches the Europémective 91/271CEERadopted in the
Spanish regulation through the 11395 RoyaDecree), which requires adequate wastewater treat
ment in nearly all urban agglomerans by 1 January2006, at the latest. Furthermore,planning
wastewater treatment witha focus on reuse in villages lacking this service would align with
Spanish and Europeagiforts towards a circulareconomy,includingone of the first regulatory
frameworksfor wastewater reuse (Spanish Royal Decree 1620/2007), two national plans for recycling
water (TheNationalWaterReusePlan2010-2015andthe NationalPlanfor PurificationSanitation
Efficiency, Saving, and Reusing), and the European Directive on MiriRaqoirementdor Water
ReuseSimilarly Spainhasanextensiveexperiencen thisregard, as one of the top ten countries in
water reuse pecentage worldwide and the countwith the highestwastewaterreuserate in the
EuropeanJnion.”
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3.6 Analysis of water quality control

Fernandez Escalante et g2020)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 parametersand is presented belowlext between quotation marks is froRernandez Esea

lante et al.(2020)

"From the collection of 18 regulations/guidelines/operator silgathered, 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 Spairs internal regulation (independently of the constraint of the minimum requirements of the
Groundwater Directiv006/118/ECbeing an EU Member State) to 149 in the (Sdure §.
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Figure6. Number of parameters per legislation with water quatgndards analy
sed. In the case of the regulations with more than one quality standards, the most
stringent one has been considered. From Fernandez Escalanté2604)

The total number of parameters included in the ten reported water quality stadwier255. Four more

are listed in the Australian Guidelines as an ongoing proposal, but they are not normalised yet. These
parameters arebiodegradable dissolved organic cardi@COD)lissolved organic carbd®OC)mem-

brane filtration indeXMFI) 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 eeh case. For instance, in the Mexican stand#aythl 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 goteefuand 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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standardsdefined in Table 1 an? accordingo 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 watassociated ecosysteritable 3n 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 mgléwhMexico, 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 sisndar
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 mgilhile 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, whigd mg#8, and

I FEAF2NYAL GKS 265380 omup YIktE0d 'y SEOSLIIAZ2Y A
standard (10 NTU) and the lowest and most strict in Spain (2 NTU for the direct injection case) (x5).

Among major ions, nitrate (NQ isthe most frequently regulated parameter and is regulated in the
standards from The Netherlands, Torreele (Belgium), Spain, Italy, Mexico and the State of Florida
(USA). Atfter nitrate, total nitrogen (TN) and total dissolved solids (TSS) are the paramestrs
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 20Qug/l in Torreele and 659/l in The Netherlands (x1/3). On the other hand, California and
Mexico propose a lower value ofg/l (x77). The most regulated heavy metals are arsenic, cadmium,
lead and mercury, with their MACs reported in sevatev 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 208Byer et al. 2018yalhondo et al. 2020). The
water gquality standards from the US#gly, 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 ahrecommendations to achieve anbnitored rechargg. This approach
comprises controls on water quality through continuous Higluency 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 stedwreported 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 stardards 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+ecom
mended parameters pertain specifically to AR (i.e. MAR witheclaimed 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, adireé, the

experts” criteria."

For more infomation on guidelines regarding implementation of MAR, please also see MARS®BIUT
jectdeliverable D2.ZMARSoIuT 2023a)
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4.1 Current ontext for MARwater quality issues

Managed AquifeRecharge (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 theopportunities 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, inopen accessvailablesince February2023: "The 2% Century Water Quality
Challenges for Managed Aquifer Recharge: Towards eBRsgd Approach(Zheng at al. 20930ne

of the coauthor’s contributions rose frorthe MARSIUT consortiunis work and some of the most
important content has been extracted into this chapter. The herein information may be complemented
consulting the mentioned publicatioZlieng at al2023).

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

and human health protection, estimated about 350,000 chemicals in global markets, plus new bio
logical entities including conaviruses. 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 outstripgothel capacity for
assessment and monitorir(@ersson et al. 2022)

As a response tthese global threatsthe authors have proposed a riblased approach and manage
ment framework accounting for water quality changes in the subsurface, adopti@ttexfuation

zones for future regulation of MAR and guidelines drafting, and enhancing the importance of advanced
monitoring. Translated into MARSoltdrms, hydredynamic monitoring methods to give confidence

in the sustainability of subsurface treatmers a positreatment process, counting on a previous pre
treatment as a general rule.

4.2 Towards arisk-based approach

The starting point is the publication froddNESCO, 202ih which 28 gemplary MAR schemes from

21 counties were gathered (two of them beidARSold case studyites), 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 mges from micro (640 #fyr) to giga (250,000,000 #yr), and these figures have
firmly established that MAR is a sustainable technol@eng et al. 2021)

MAR schemes, as natubased engineering infrastructure built to augment water supply and environ
mental flow, including recycling treated wastewater, are poised to play increasingly significanitrole
climate change adaptation.

Consideringnovel entities means that proponents of MAR must continue to manage risks associated
with known, legacy pollaints such as chlorinated solvents, mineral oil components and metals,
exemplified by regulated water quality parameters usually amounting to sekarared(Fernandez
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Escalante et a020) It also means that they need to be equipped to address not (ggt)lated, and
sometimes novel (unknown) wateguality threats exemplified bynbvel 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 chem@adtions but also on subsurface microorga
nisms to perfom biogeochemical reactions to "purifghy purposefully recharged watersgecially
noteworthy is the attenuation zone concept.

MAR practitioners have had to produce laboratory and field monitorindemce that MAR operations

are environmentally benign to gain regulatory approval for full scale schemes. Howeversceptie

cal regulators are inclined to regard the subsurfamevironment as fristineg’ and should not be
"disturbed" by any means. Ireality, "unmanagedtecharge 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 consequen@ds AR, Dillon et a022).

The authors of the article posed a binomial on water quality issues frequently encountered in MAR
implementaion. 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
availahlity as an active part of theagth system. This tdp hasalsobeen discussedxtensivelywithin

the framework of MARSUT project.
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Figure7. Global inventory of MAR schemes presented as online portal with the database being continuously
updated (sourcehttps://ggis.urnrigrac.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 ¥year, ~2.4%0f groundwater extraction in countries repor
ting MAR, or ~1.0% of global groundwater extractibillon et al. 2019)A global inventory of MAR
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practices included,136 pilot and fullscale MAR sames from 60 coumies Figure . The inventory

was initiated by members of the IAMAR Commission and was based on an extensive literature
Fyrfteaixa FyR RANBOG ail1SK2f RSNAQ AYUSNBASga 02
(Sefan & Ansems 2018)In total, 47 parameters weranalysedand clustered in four categories:

general information, operational parameters, aquifer properties and water quality parameters. While
information such as influent water source, main objectiveinalfuse 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 clanges were mentioned in many papers, especially in conference papdrspecific

technical reports.

Water quality investigations are an integral part of any successful MAR project. We searched the
expanded science citation index database for the timequkdf 1900 to present. Just above one third

of the MARpublications, or 118 out of 391 papers, included water qualitye proportion remaned
constant through the years.

Water quality investigations during MAR projects serve many different aims, withtoniowgi for
regulatory compliance as a basic starting point. Alsobésdled 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 pxade natural treatment and to facilite recycling and reuse
(Figure8).

Managed
Aquifer
Recharge

water ta_b_le

recovery § 7", )

well
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Subsurface Natural Treatment
Contaminant vs Distance

_____ e

Figure8. Schematic diagram illustrating how MAR has been used to purify purposefully recharged water such as
an infiltration pond through a series of natural treatment process&surring 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 death, hopefully, with decades of experiencewater quality
improvement and management in MAR, plus further resea@insidering 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 predictedr 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 engineerddeptenent without

over treating water prior to MAR.

All uncertainties of regulated antchregulated water quality threats, the assumption that storage time
mitigates risksespecially of pathogens, biodegradable organic matter, and trace organic chemicals is
likely to hold, although more research is warranted to determine the time scale foplebe minerak

zation including mostly unknown biotransformation byprodu@hkeng et al2023.

4.4 The way brward

To enhance climate resilience and other social, economic and environmental benefits of groundwater
through implementing MAR projectajater quality threats from novel entities need to be addressed
to maintain resource integrity and to keep target aquifeiighim the safe operating space.

Modern water quality challenges can be approached from abésed 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 thafwhen it comes to groundwater recharge laws in the United States, a cemmu
nitarian ethic has been suggded to underpin regulatory process@@wen 2021)Authors encourage
debate on how to arrive at a sensible regulatory framework to manage water quality risks for the
European Union, with the precautionapyinciple as a starting point.

The Australian riskased approach to MRA(NRMMC et al. 20093 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 countriesnorkthe

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 byIMARSBe

first about water quality regulations all aroundetworld (FernandeEscalante et aP019); and the
second being aroposal for a new concept calledMonitored and intentional RecharjéMIR), which

is, according to a summarized description posed by the autliarspnceptual model for drafting MAR

and water reuse guidelines documehi{&ernandezZ£scalante et a2022).

In Europe both the development of application and legislative framework for MAR has varied among
different countries(Sprenger etal. 2017) with current legislation ranging from strict and uniform
water quality requirements versus sigpecific evaluation with respect to the water quality in the
receiving aquifer such as in the Netherlands, similar to Australia. A Europeanireotive 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 treatmeint wih pre-treatment
or posttreatment technologies.

There is also a need for advanced tools, including but not limited tctireal monitoring, data
assimilation, and reactiveransport modeling to predict fate of chemicals and pathogens and to assess
risks to human health and aquifer integrity. Special attention should be paid diattemuation zoné

(an attenuation zone (after NRMMC, EPHC, NHMRC, 2009), is defined as an independent regulatory
unit so that groundwater quality beyond thone is sustinably 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 prowing 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 troergliry water
quality challenges using MAR, in order to maintain thegrity of groundwater resources and in turn,
02 YSS{ Kdzy Hfgrigibd quality fReShviatgr.

Both, he IAHMAR Commission artte MAR®IUT consortium striveo develop the body of scientific
knowledge needed to have confidence in enhancing théagusble and beneficial use of aquifers for
people
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This chapter deals with the recommendations derived from the analysis of existing MAR guiding and
regulating documents and thpresentation 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 frowater during
MAR

The water used for MAR is usually taken from surface waters or treated wastewater. Even i a high
quality standard exists, depending on the origin and degree of prior treatment, the water for MAR
contains concentrations afmerging organicompoundgEOCSs), 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, duas 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 dacribe 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, sorptiamdalesorption 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 keyfpr example, oxides and hydroxidesike 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 andr@asing 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. Exargples (i K S & S-bl@@i@edze 8., 0 S |
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 behavicamramore frequently detected in
groundwater. Ingéed some pharmaceuticals and, in particular, carbamazepine, have been used as
anthropogenic markers in the aquatic environment (&/giller et al. 2013. An example of riverbank
filtration analysis, Henzler et g2014)emphasized adsorption as a critigabcess influencing the
transportof multiple EOCs, mostly MTBEetiyl tertiary-butyl ether) and carbamazepine. Ying et al.
(2005)found strong adsorption of betastradiol to the local aquifer material under aerobic conditions.

Natural orgaic materialcan be asorbent for nonpolar organic chemicals because they offer a
relatively nonpolar environment into which hydrophobic organic compounds may ab%é@pelo&
Postma 2013; Schwarzenbach et al. 201fjestigations have shown that soiqrt can be in@ased
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by addingorganic compounds, like compo&dguchWilliams et al. 2010; Valhondo et al. 20b8)palm
leaves(GrauMartinez et al. 2017)

Besides sedimentary organic material, biomeess also act as a sorbent of organic compoufidsresi

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. 20 porous media, biomass is organized
in biofilms, containing living organisms and other biological materials suekti@sellular polymeric
substancg EPS). The literature on the sorption of organic compoundsoiiiims is poor and contra
dictory; for example, Torresi et §2017)only observed sorption intbiofilm of 9 of 23 compounds,
the cationic ones. On the other hand, Spath e{E#98)observed that BTEX sorbed to biomass, mainly
to EPS. Even for the authors, this was surprising bechia$ém usually has a high water ceamtt
(Brangari et al. 2018and sorption should be preferentially for polar compounds.

Lastly, mineral surfaces can also interact with organic compounds. In some environments with low
organicmatter concentrations, sorption into mineral surfaces of hydrophobic compounds has been
observed. The sorption mechanism is through van der Waals or diljodée energies and Honds.
Although this mechanism is plausible and occurs, it is not dominamiost porous media. On the

other hand, mineral surfaces can also serve as sorbents if they are ionic, which occurs specially with
clays, oxides, and hydaxides.
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Figure9. 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 Greskow{2RET)al.

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 €2017)investigated the degradation behaviour of 82
different substances, taking data from field, column, and batch stuéigsire 9shows a compilation

of the 1st order degradation rate constants of this investigation. Among other things, they found with
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their study that the most important process forelremoval 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
influena 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 arahatuded that this degradation can be
attributed to cometabolic and/or metabolic activitieSigure 1Gshowsthe biodegradation of EOCs via

(a) metabolism and (b) cometabolism. Cometabolism occurs when the microorganisms involved do not
produce energy or ssimilable 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 biodiailabthe
environment(Tran et al. 2013)In order to strengthen the degradation by cometabolism, conditions
must therefore be created according the contaminants present. Studies have shown that autotro
phic ammonia oxidizers and nitrification play key roles in cometabolizing EOCs, particularly for slowly
biodegradable compounddran et al. 2013)
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Deliverable D& 35



MARSolur Enhancing \&ter Quality byOptimising MARDesign atActive MARStes in Spain

An important factor controlling hydrogeochemical bacterially mediated reactions is the redox
potential, which governs a system@ducing 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 sedimentvater interface. The spatial distribution into differemedox 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 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 condit{dviatanabe et al. 2010Thus, the impact

of reductionroxidation conditions in EOC degradation is compound specific. For instance, the natural
I 4GSy dz (A Dlgcke?sTatetoloINER®prdlol, and proprandlavas investigated under denitri

fying conditions by Barbieri et gR012) Atenolol was removed (about 65%) via abiotic and biotic
processes, whereas metoprolol and propranolol were not biotransformed.

However, these reactions and thuiset 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 iedestigat
(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 D@ibondo et al. 2015; Scheffet

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 examii\tilthondo et

al. 2015) Vegetable compost and wood served appiers of organic sorption sites and for deriving
easily degradable organic carb@vialhondo et al. 2015)

In conclusion, depending on the source and the degree of pretreatment, recharging water may have
undesirable concentrations of EOC, aside froneofpotentially hazardous substances and pathogens.
Thus, for the implementation and successful execution of MAR, anaiting 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 lengesidence time due to sorptiofyalhondo 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

1 "Developing a commoterminology agreement, with legal implicatiand 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
FNB YAaaAy3a Ay a2YS 2F GKSYI RNAGAy3IS Ay Ol &
widely approved common legal definitions. Such definitions should be caopulat least at
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the European level. In this sense, the WFD should include a legal definition ofaliétrf
ambiguities (FernandeZscalante®& GarciaRodriguez 2004). Another practical alternative at
the European level would be the development of a CamnUnderstanding between the
Member States, suchs in a CIS Guidance Document."

1 "Including a permitting procesSVater allocation permits and water extraction rights owner
ships must be considered in all regulations and established well in advance ngctbd
simple right of use. At the European level, an authorisation is a requirement @2 What
is needed is a riskased approach to develop the conditions of the permit. This approach could
be replicated in other countries. Some national lawd Edve 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 omater resources, such as ovexploitation of aquifers or climate
change impacts, which can exacerbate water ownership conflRtslrfgueZEscales et al.
2018)."

1 "Legal developmenfThere is an insufficient theoretical background on legal aspects of MAR.
Furthermore, there are very few countries with a specific regulation on MAR antVI8AT
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 grpatmits (SastréBeceiro
2009)."

1 "Independent control and surveilland®nce 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 mbsf the information and, only in singular cases, the
operators, river basin authorities or civil servants taking care of the water qualitstréc-
tured reporting processshouldbe developed.”

1 "Time continuity Many experiences have been related togaich 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 mechamssto allow assesgithe longterm effects
of MAR."

1 "Inclusion of Budgetary aspeci&he financial aspects of MAR projects are frequently excluded
in both, the regulations and the granting of authorisations. The Water Authorities might
request detailed bdgets 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 pumpshg c
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 MAgRsys
would be guaranteed.”

1 "Including the technical background for authorisas 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 inmpétation 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, operaibn 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 accondtmce
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 gualie

to interaction processes."

"Moving forward with the WFDTheimplementation of MAR and SAMAR 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 perrit conditions; and 3) Undertaking the necessary oversight of MAR
systems to renew any perssion or concession (R007)."

5.2.2 Water quality standards

T

"Tailoring water quality guidelines based on aquifers and source watater standards for
MAR must bealesigned at the aquifer level and taking into account the interactions between
the source water and the aquifer. This involves studying the aquiddejith and considering
the possible sources of water. In this sense, it might be feasible to extend wasdity
standards across aquifers with similar characteristics. The natida standards seem to be
the most straightforward approach, and the aquideide standards would be theafest.”

"High number of pollutants to be regulateBfllAR possesses great tpatial in the face of
multiple waterrelated challenges, as long as contamination is minimised. There are scientific
uncertainties related to water quality processes and wateneral interactions. The number

of potential pollutants to be analysed may bmo large, and their chemical interactions too
complex to be demanded by any regulation (Sileeral. 2016). This situation urges an
integrated approach considering water origin (with different degrees of potential pollution),
MAR technology and final useThe 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 paraneters would need to be takeinto consideration at the end.”

"MAR sources and receiving medium consideratinsing MAR activities, the receiving
medium has a certain capability to remove pollutants, even though the donor water body must
be in good chencal 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 standardshould 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
consiceration following different MAR techniques. It is also important to consider how the
impact of the unsaturated zone (not just the aquifer) is tak#o account in the legislation."

"Updating some water quality standardSome pollutants with proved adverseffects on
health and the environment are challenging to determine due to high detection limits in
laboratories or analytical coste.g. NDAs (Fernandez Escalap®5). In this sense, some
specific water quality standards should be reviewed and updpetbdically according to the
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state-of-the-art’s progress and the instrumealt measuring capabilities (fomfuiferwide"
standards)."

1 "Considering the monitoring coskuidelines must consider the cost of analysis, especially in
developing countries anevhen the monitoring frequencies are compulsory by law. Inter
national institutions such as the IAMAR Commission should provide technical support when
tailoring MAR regulatios and water quality standards."

1 "Considering monitoring frequencies for eachgpageter. 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 wll'

1 "Including common parametert. is adisable 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 hydrgeological methods employed to study groundwater quality and evolution
(e.g. hydrograms, ionic relations, and models). The sets of pEess and compounds
exposed inTable2 cover most of the regulated necessities, except for highly polluted
environments,n which specific and adapieanalyses should be requested."

1 "Considering the final us&ater 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 waterquality 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 Parti20®0)), 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 moriitgy as it is the case of the &dan MAR
scheme in IsradFigure 1)® €

Figurell. MAR regulated system in Shafdan, Israel. Sensors inside the infiltration basins allow the water quality
monitoring in real time, in order tot@in the standards of quély. From Fernandez Escalante et(2D20)
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Table2. Proposal of a general list of parameters to be determined in laboratory and field for adie&&d water
sample. Modified from Fernandez Escalante et2420)

PARAMETERBIAR water) EXPLANATION

E.coli Ecotoxicological aspects. Demanded in most of the regulationsNBYR])
Nematodes Ecotoxicological aspects. Demanded in most of the regulationsNBYR])
pH Influence on REDOX conditions

Temperature Environmentatonditions. 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 (§
MAR)

Biochemical Oxygen Demand in 5 days ¢

Specific parameter water reuse, to be removed in case of natural water origin (SAT
MAR)

Total Dissolved oxygen (TDO)

Potential hyperoxidation conditions and gas clogging creation in the receiving medi

TotalOrganic 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)

Indicabr 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 mostlué regulations

Turbidity

Parameter requested in most of the regulations

Ammonium (N&)

Residual product after nitrogenised molecules breakdown

Nitrates (N@)

Thick molecules usually trapped in the receiving mediums in which MAR projects t
place

Sulphates (S§

Macroconstituents, chemical attack on materials

Chiloride

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
calculatons, 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 dsidlogical/chemical reactions. Potential
guartz 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 claggdeterminant parameter

Chromium (Cr)

Physical, chemical, biological clogging determinant parameter. Requested in most
regulations

Copper (Cu) Special effect on crops. Usual spill from agrdustrial activities
Zinc (Zn) Special effect on crops
Fats and oils Specially for urban areas runoff and SAAR (can be removed for natural river / rain

water
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5.3 Monitored and Intentional RechargéMIR)

The review of MAR regulations and guidelines and the experience of several years with projects for

artificially recharging aquifers waled tothe developmenbf the Monitored and intentional recharge
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any regulation or guideline on MAR should consider agdetbp. These factors have been grouped
into nine blocks based on tliremain topic The proposed blocks are the followifiigure 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.

WATER SOURCES:

* River
* Rainwater

* Urban runoff
= Wastewater

* Wetland

= Inter-dune

* Desalination plant
= Water supply excess
* Irrigation return

* Drainages

FINAL USE:

* Irrigation

* Industrial water supply
Urban water supply

street cleaning & sweeping
Strategic reservoirs (SR)
Groundwater storage
augmentation

Hydraulic barriers

* Environmental restoration

ENVIRONMENTAL CONDITIONS:

* Dry site
* Arid site
* Wet site

* Unsaturated zone
characteristics

* Saturated zone characteristics

+ Aquifer type (detrital, karstic,

fractured)

* Pollutant attenuation

MONITORING GUIDELINES :
* Legal imperatives
* Preliminary guidelines
= MAR site permitting
* Monitoring points:
1- Water source
2- Pre-treatment
3- Vadose zone (recharge)
4- Extraction
5- vadose zone (extraction)
6- In itinere treatment
7- In itinere treatment (end)
8- Post-treatment
9- Storage cell
10- Final use
+ Sampling frequency
* Data gathering
* Reporting
* Monitoring types (e.g.,
baseline, operational,
research)

MAR TECHNOLOGY:

1. Water spreading systems
(e.g., infiltration
ponds/wetlands, controlled
flooding and Soil aquifer
Treatment)

2. River channels (e.g.,
reservoirs and dams and river
scarification)

3. Targeted recharge (e.g.,
wells/boreholes, Aquifer
Storage and Recovery,
Aquifer storage Transfer and
Recovery)

4. Filtration (e.g., riverbank
filtration and interdune
filtration)

5. Runoff (Sustainable urban
drainage systems)

6. Accidental recharge
(unmanaged)

MAR SENSORS:
* On-site and remote
* Unsaturated zone:

-Volumetric water content
~Capillary tension/water

potential

—Dielectric permittivity

-Vapor pressure

* Saturated zone:
-Groundwater level
—-Temperature

—Electrical conductivity

_pH
=Salinity

-Total suspended and dissolved

solids

-Oxidation-reduction potential
* Environmental conditions:

-Stream flow rates
~Infiltration rates

-Meteorological variables

ANALYTICAL ISSUES:

+ Parameters to be analyzed
-Unsaturated zone
~Saturated zone
-Unstable parameters
-Stable parameters

+ Contaminants of emerging
concern

+ Maximum allowed
concentrations (MACs):
~For the water source
~For the final use
~Ideally at aquifer on site scale

+ Cost of the analyses

RISK OR IMPACT ASSESSMENT:
Hazard identification

* Contingency plan or program
Project’s life and closure

Site security and occupational
safety

Spill management
Operation, design and
construction non-technical
constraints (e.g., legal and
economic, lack of social
acceptance and weak water
governance)

Design and construction
technical constraints (no
availability of water, issues
with water rights and
concessions, lack of
infrastructure)

Operational technical
constraints (e.g., structural
damage, water shortage,
drought, clogging,
unacceptable water quality

OTHERS:

Technological solutions.

* Cleaning and maintenance

criteria.

Cost recovery
Ontalogy
Standardization
Interoperability
Water governance

+ Additional technical

recommendations

Public participation
Stakeholder engagement
MAR case studies

Numerical modelling

Social, political, and economic
viability assessment

Figurel12. The nine blocks comprised in the Monitored and Intentional Recharge (MIR) conceptulamdde
some of the aspects each one develdpem Fernandez Escalante et(2022)
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Two main approaches were used to arrateghis conceptual model: i) critically reviewing the existing
documens that regulate or guide MAR projects, and ii) usisgoring system to determine the most
criticalfactors discussed in the documents.

The following documents were reviewethe WHO guidelines for water recycling, tiaustralian
guidelines on MAR, th&lSA regulatory body on MARcluding rules scoped at the state levtie
MAR guidelinesf the American Society of Civil Engineers (ASB&European guideline omaste
water reusefor irrigation, and MARegulatoryor guidingdocuments forChile, Inda, and Mexico

The scoring system consistefthe following: the main aspects elaborated in the documents reviewed
were listed. Subsequently, the level of development of each eddlaspects in the MAR documents
was assessed with a score from zero tarfovhere zero corresponds to no mention and four to a
detailed discussioon the topc. The scores for eachain aspectvere added, ranked and included in
the most appropriate MIR block. The final ranking can be found in Fernandez Escalan20223l.

One of the strengths of the MIR concept is thapiibvides a series of graphical illustratioosthe
0f 201 aQ thadbanse lurildrdfatuingf the main conceptsFigurel3is oneof theseillustrations
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 Fernandez Escadagital.(2022)

RISK
ASSESSMENT

MONITORING

| WATER

MAR
SENSORS

ENVIRONMENTAL
CONDITIONS

Soil moisture
Capilar tension

Legal requirements
Guidelines

FINAL USE

Urban supply

Industry

ANALYTICAL

Design and construction
Operation

ISSUES
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Figure13. Summary of the main block comprised in the Monitored and Intentional Recharge (MIR) conceptual
model.From Ferndndez Escalante et(@022)
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5.3.1 Water sources

Themain water sources often found among MAR projectssandace water bodies (rivers and lakes,
predominantly), rainwater, and reclaimed wastewater. This block of MIR discessestiaimatters.

For instance, it recommends considering any surface water surplus (after all water demands have been
met, includingecological volumes) as potentially usable for MehiRevaluable water can be lost to
evaporation or the sea. Furthermore, the promising role of wastewater in closing the water cycle is
highlighted ad the quality issues that must be faced when using urharoff. Figure 14depicts the

most common water sources for MAR.
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Figurel4. Main water sources considered by the Monitored and Intentional Recharge (MIR) conceptual model
From Fernandez Escalante et(@D22)

5.3.2 Hydrogeological and environmental conditions

MIR also recommends a careful evaluation of the hydrogeological and environmental conditions.
These conditionsvill determine thefeasibility of underground storage and the availability of water
NBaz2dz2NOSa F2NJ al!l wd YSe aLlsSoda G2 O2yaAiARSNI Ay NB
(hydraulic conductivity, transmissivitstorability, etc) and type (karstic, detal, fractured hararock)

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 characterisentong
performance under climate change, the contaminant attenuation potential of the saturated and
unsaturated zones, and the evaluation of impacts on dependaosystemskFigurel5shows some of

the most usual hydro(geo)logical settthyghere MAR projects are developed.
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Figurel5. Possible hydro(geo)logical conditions to consider when drafting MAR regulations and guidetines.
Fernandez Escalante et £2022)

5.3.3 MAR Technology

There s great diversity in MAR methods that can address a wide range of wadtated issues
Consequently, the thirthlock of the MIR concept suggsstvaluating theexisting technologieander

the lens otthe particular conditions of thentended MAR project. To ease this task, MIR provides a list
of MAR technologies that include pictures, diagrams, the spatial disizibof the solution, and some
examples in Spaifable3is a simplified version of the full list, both available in the article by Fernan
dez Escalante et gr022)
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Table3. Compilation of main MAR technologies categorised into five main groups. An additional group, including
sources of unintentional recharge, is included for reference. From Fernandez Escalar{gd2pal.

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

- Subsurface/ 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 MARSensors for data gathering

This block elaborates dhe sensors used to monitor environmental variables when conducting MAR.
It introduces the issue of data interoperability through the review by Henao Casag2@2#a) who
point out that data gathered by data loggers fromffelient manufacturers store and retrieve
information invariousformatsthat can differ considerably. This situation requires additional efforts
to integrate and analyse thdata. A sound way to circumvent this issue is by arrgfragdata storage
standard enhancing interoperabilitylTable 4lists properties commonly measured in MAR projects.

Table4. Environmental variales commonly measured during MAperations. These variables have been catego
rised as a function of the realm involvelde atmosphere, the hydrosphere, the pedosphere and the lithosphere.
From Fernandez Escalante et(@D22)

Realm (earthsphere) Property
Environmental conditions - Flow rates and discharge
(atmosphere and hydrosphere) - Soll infiltration /seepage rates

- Precipitation

- Solar radiation

- Wind speed and direction

- Relative humidity

- Other meteorological variables

Unsaturated zone - Volumetric Water Content (VWC)
(pedosphere) - Soil electrical properties (dielectqermittivity, resistivity, and
conductivity)

- Water potential

- Vapour pressure
- Conductivity

- Temperature

Saturated zone - Water level

(lithosphere) - Temperature

- Conductivity

- pH

- Oxidationreduction potential (ORP)
- Turbidity

- Total Dissolved Solids (TDS)

- Total Suspended Solids (TSS)

- Otherphysicchemical properties

- Salinity

- Hydrogeochemical parameters
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5.3.5 Monitoring guidelines

This MIR block emphasises the importance of clear guidelines to movatier quality and quantity
variables Ten key water sampling points are propogEdjure 1. Ttese pointsare 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, pésgatment, etc.). The block also shows some

of the most common sampling/measuring frequencies &oav information is retrieved: orsite or
remotely Figure 16.
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Figure16. Fundamental monitoring aspects to consider when drafting MAR guidelines, including sdmiplihgy (i Q &
frequency and sensors. From Fernandez Escalante(802R)

A great part of the monitoring chapter is based on experiences on modeling from MARSoIuT members
(Malta, Spainand Italy). The modeling results from Malta have already been published ardees

sible in MARSoILDeliverable D4.1(MARSoluR023b) These findings were observed within the
MARSoluTindividual research project (IRPHydrogeological and geochemiaalodelling of a sea

water intrusion barrier in an island/coastal groundwater bady
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5.3.6 Finaluse of the intentionally recharged water

This block showcases the most common uses for the water stored underground through MAR, which
include irrigationdrinking water supply, industrial water supply and strategic storage, among others
(Figure 17. This block also points out the importance of involving water user organisatioreniaging

water resources to enlrece governance.
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Figurel?. Final use of MR waterFrom Fernandez Escalante et(2022)

5.3.7 Analytical aspects

This block entails concepts related to the parameters that determine wgtefity. It presents the
minimum parameters that should be included in any water quality monitoring program for WefRe(

2). It also elaborates on hot topics, including the need for increasing surveillance of pollutants ef emer
ging interest, the scopefanaximum allowable concentrations (MACHEe 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 Riskand/or impact assessment

MIR proposesdoptinga risk approacin which risks are identifiednd multiple barriers are setup so
that the residual risk is acceptable. Two main blocks of risks are pregerftetpin their identification
(Table 5.

Table5. Main risk to bear into consideration concerning MAR operatiBrsn Ferndndez Escalante et(2D22)

Technical aspects Gb2ySOKYyAOFf ¢ | aLISOGa
Design and - Legal constraints - Availability of wateisource
construction - Economic constraints - Concessions or water rights constraints
- Lack of social acceptance| - Water scarcity
- Weak water governance | - Hydrogeological assessment
- Lack of infrastucture.
- Dependence of valuable habitats
Operation (and - Legal constraints - Structural damage
management)

- Economic constraints - Water shortage and volume constraints at the sourc
- Lack of social acceptance| - Drought

- Weak water governance | - Clogging

- Unacceptable water quality in a sensitive location

- Specific objectives

- Distortion of local ecological relations

5.3.9 Otheraspects and general recommendations

The final block is open to new aspects. It also discusses some topiegetieanot suited toany of the
other blockssuch as the importance sfakeholder engagement, the principle of the recovery of costs,
andconsidering collateral benefindinteroperability.
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There are relatively few regulations on MAR worldwide. Some use maximum allowable concentration
(MAC) standards for MAR source water to control pollution, including the US&cdJ Spain, Italy,

and The Netherlandg@-ernandez Escalante et al. 2020, 20&2)me regulations and studies suggest a
risk approachwhich is probably more adequate to prevent water pollution when realising MAR
(NRMMCGet 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 artificiplrecharging aquifers in Spaim the following water
quality issues of 1MARsites in Spain are presented, witbhsArenales beinghe maintest site

6.1 Methodology

A sound MAC standard to control water contamination during MAR should be ablentider 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 djtiaat MAR sites in Spain and a comparison between several
quality parameters in these sites and some M#gSed water quality control standards.

6.1.1 Evaluation of water quality at Spanish MAR sites

The evaluation of the hydrochemistry of water sourc@sMAR 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 qualityuiss that every MAR site faces.

The collection of Spash 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 amdayjeharacteristics of

the selected MAR sites are showrFigure 18andTable 6

6.1.2 Comparison of MAR water sources with MAfased standards

Hydrochemical parameters of MAR water sources from multiple Spanish MAR sites were compared to
the correspondig maximum allowable concentrations established by European countries for artificial
recharge (Managed Aquifer recharge). This analysis aims to elucidhtgher Spanish MAR sites
would comply with existing regulatior@d, consequently, whether a MACs approach would satisfac
torily prevent groundwater contamination, increase the water and food security, and simultaneously,
give roomfor further MAR implementation.

Each water quality parameter from MAR water sources e@spared 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 gality parameters available for ea MAR site are shown rable7. The number

of water quality analysis considered for each site are present@alnte 8
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El Port de La
SelvaSAT-MAR
site

Urban waterbuffer Zorrilla

Los Arenales MAR sites

Arabayona MAR site
. Canal Isabel Il ASR Sites

Guadiana MAR site

MAR type Water source

Cobre de Las Cruces Copper Mine Treated wastewater

O Water spreading .
Aquifer Storage and Treated groundwater
’Ca bt O Recovery (ASR) .
E::h Aquifer Storage (AS) ‘ Runoft
A SAT-MAR . River water
O Drinking water
O Snowmelt

Figure18. Evaluated MAR sites in Spain.
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Table6. Characteristics of the Spanish MAR sites evaluated.

MAR site Location Source water | Objective MAR type

type

Arabayona MAR site Arabayna de Runoff Evacuation of flooding water| Rainwater
Mégica, Castillay to a neighbour aquifer harvesting
Ledn

Canalsabel Il ASR Site] Region of Madrid Treated water | Strategically store water in | ASR

case of need

Careos

Granada and Almeria
provinces

Snowmelt

Improve water supply for
agriculture and villages
during the dry season

Water spreading

Zorrilla

Cobre de las Cruces Province of Sevilla, | Treated Drain the operpit area AS
Copper Mine Sevilla wastewater
El Port de La Selva SA| El Port de la Selva, | Treated Water reuse to cover peak | SAT
MAR site Catalunya wastewater demands
Guadiana MAR site Ciudad Régrovince, | River water Recover environmental AS
CastillaLa Mancha assets and agriculture
Los Arenales MAR site§ Segovia and River water Reverse groundwater Water spreading
Valladdid Provinces, depletion and sustain
Castillay Leon irrigation
Mallorca experimental | Mallorca, Islas Treated Strategic reservoir for peak | SAT
SATMARsite Baleares wastewater demands
Sant Viceng dels Horts | Sant Viceng dels Treated Increase the irrigation SAT
MAR site Horts, Catalunya wastewater guarantee
Tenerife Pilot SAMAR | Tenerifelsland, Treated Incipient experiment to SAT
site Canary Islands wastewater diversify water supply
systems
Urban Water buffer Valladolid, Va#idolid Rainwater Experiment to use urban ASR

runoff for irrigation of city
gardens
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Table7. Parameters considered for each MAR site in the water quality standard analysis. This table did not inelude para
meters that were measured as part of the water quality analysis and did not yield a value above the detection limit.

Arabayon| Canal Careos Cobre de| El Port de Guadiana Los Urban Water Tenerife | Mallorca Sant Viceng

FAALGEER a Isabel Il las Cruceg La Selva Arenales buffer dels Horts

Alkalinity, total - - X X X - X - - - X

Chemical Oxygene | - - - - - - - - X - -
Demand (COD)

Conductivity X X X X X X X X X - X
(uS/cm)

Dissolved Organic | - = - - - - - - - - -
Carbon (DOC)

Max. pH X X X X X X X X X - X

Temperature (°C) | - - X - X - X X - - -

Total Dissolved - - - X - - X R R R -
Solids (TDS)

Total nitrogen (N) | - - - - - - - - X - -

Total Organic - - X - X - - - - - X
Carbon (TOC)

Total phosphorus (F X - - - - - - X X - X

Total Suspended - - - - - - X X - R -
Solids (TSS)

Turbidity (NTU) - - - - X - X - - - -

Calcium (Ca) - - X - - X
hardness in °F or

x
x
x
x

Magnesium (Mg) - -
Sodium (Na) - -
Chloride (C) - -
Sulphate (S©) - -

X | X | X| X
X | X
X | X | X| X
X | X | X| X

x

Fluoride - -

Nitrite-Nitrate (both | - - - - X - - - R R -
as N)

Nitrate (NQ) X X X - X
Nitrite (NQ") X - - - R
Ammonia (Nif) - - - - X

X | X | X

Phosphates - - - R R

Boron (B) - - - X X

Cyanide (Ci\ - - - - X - - R R R B
X

X | X

Faecal Coliforms (f,| - - - R
/100 ml)

E.coli (UFC/100 mL{| - - - - - - - X - R -
Aluminium (Al) - - - - - - - - R R X
Antimony (Sb) - - - - - - - - R R -
Arsenic (As) VI - X -

Barium (Ba) - - R

Cadmium (Cd) - - - - - - - - - - -

Chromium total (Cr) - - - - - - - R R R R
Copper (Cu) - - - X X - - R R R R
Iron (Fe) - - - - - - X X X R X
Lead (Pb) - - - R

Manganese (Mn) - - - -

Mercury (Hg) - - - - - - R R R R R
Nickel (Ni) - - - - - - R
Zinc (Zn) - - - - - - R

x

x| X

Fats and oils - - - - - - R

Naphthalene - - - - X - - - - - _
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Table8. Number of water quality analyses of the MAR water source for all MAR sites analysed.

MAR site Number of water Source
quality analysis

Arabayona MAR site 1 Provided by an involved party
Canal Isabdl ASR Sites 2 Nogueras et al2019)

Careos 12 Barbera et al(2018)

Cobre de las Cruces Copper Mine 1 Baquero et al(2016)

El Port de La Selva SMAR site 1 Amphos 21 (2016)

Guadiana MAR site 1 Fernandez Escalan(2015)
Los Arenales MAR sites 5 Fernandez Escalante et,ah

MARSOL (20b%

Mallorca experimental SAWIAR site 3 Provided by an involved party

Sant Viceng dels Horts MAR site 4 Provided by an involved party
and the Dessin project
(https://dessinproject.eul)

Tenerife pilot SAMAR site 1 Provided by an involved party

Urban Waterbuffer Zorrilla 3 Provided by an involved party
andwww.fieldfactors.com

For the current analysis, the MAC standards of Italy, the NetherlandSpaith (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 MAstandards, such as those of Mexico and the USA, inalififea

rent context and wee 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 therésholds 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 natiomdawate

The value of the MACs in these four MAC standards are presentedbie9. More information about

the standards considered has been provided in sections MAR in Spain and Wastewater reuse in Spain
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Table9. Maximum allowable concentratio@MAC)for MAR source water in lItaly, Spain, and the
Netherlands legislation. All parameters are in mg/L unless otherwise noted.

Country Italy Spain Spain The Netherlands
(percolation) | (direct injection)

Conductivity (uS/cm) 2500 - - -
Total nitrogen (N) - 10 10 -
Total Suspended Solids (TSS) - 35 10 -
Turbidity (NTU) - - 2 -
Sodium (Na) - - - 120
Chloride (C) 250 - - 200
Sulphate (S£) 250 - - 150
Fluoride 15 - - 1
Nitrate (NQ-) 50 25 10 5.6
Nitrite (NQ) 0.5 - - -
Ammonia (Nkt) 0.5 - - 25
Phosphates - - - 0.4
Halogenatedrganic compounds (AOX) - - - 0.03
Boron (B) 1 - - -
Cyanide (C\ - - - 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
AlphaHCH - - - 0.00005
Anthracene - - - 0.00002
Atrazine - - - 0.0001
Azinphosmethyl - - - 0.0001
Bentazon - - - 0.0001
Benzene 0.001 - - -
Benzo (a) pyrene (PAHSs) 0.00001 - - 0.0001
Benzo (b) fuorantene 0.0001 - - -
Benzo (g,h,i) perilene 0.00001 - - -
Benzo (k) fuorantene 0.00005 - - -
Betaesaclorocicloesano 0.0001 - - -
Bromodiclorometano 0.00017 - - -
Chlorobenzene (mono) 0.04 - - -
Chlorotoluron - - - 0.0001
Crysen - - - 0.00002
DDT (DDD,DDE) 0.0001 - - 0.00005
Dibenzeantraceno 0.00001 - - -
Dibromoclorometane 0.00013 - - -
Dichlorobenzene 1,4 0.0005 - - -
Dichloroethane 1,2 0.003 - - -
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Country Italy Spain Spain The Netherlands
(percolation) | (direct injection)

Dichloroethylene Trang,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 - - -
EthylBenzene 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,-d) pirene 0.0001 - - -
Isoproturon - - - 0.0001
Linuron - - - 0.0001
Mecoprop (MCPP) - - - 0.0001
Methyl 2- chlorophenoxysacetid 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 4E09 - - -
Pentachlorobenzene 0.005 - - -
Pentachlorophenol - - - 0.0001
Pesticides Active substances 0.0001 - - -
Pesticidestotal 0.0005 - - -
Phenanthrene - - - 0.00002
Plaguicides s.I. - - - 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
VinylChloride 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 genamalysis considering all sites.

6.2.1 The Arabayona MAR sit(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 conglomerategjstane, 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 dynamismat 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 damadeidurel9 a,h. To deal with this issue,series of main

and secondary sewer systems collect excess water and convey it to the infiltration Eigoat9 c)
(Fernandez EscalangeParedes Nufiez 2022)

Figure19. The Arabayona MAR site: (a,b) examples of water logging issues experienced in the area due to poor
drainage and (c) MARanal built to infiltrate excess water. Modified from Fernandez Escatafaredes Nufiez
(2022) which is available dittps://dinamar.tragsa.esf/file.axd?file=/PDFSIBMARL1.pdf(accessed 28/02/2023).
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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 Il ASR Si(¢wdrid, Spain)

Canal Isabel Il (CY1) is the Madrigioa's main water supply and wastewater treatment organisation.

It relies predominantly on dam storage to meet water demand and can extract up to 70dfim
groundwater from the multayer Tertiary Detrital Aquifer of Madrid (TDAM) in case of emergency
(eg., prolongated drought). In this context, CYIl has conducted Aquifer Storage Transfer and Recovery
(ASTR) tests at three sites to replenish groundwater storage in the TRAWlUeras et al. 2019)
namely, Casilla Valverde Bis, La Cabafia Bis, ah@RFE

The wells for extraction reach depths around 700 m while the MAR recharge infrastructure does not
exceed 400n. MAR trials have been conducted to assess the impact of ASR on water quality, quantity
and some design criteria for optimal performan®ogueras et al. 2019; Sancl&Gutiérrez 2019)

One of the main analyses by Nogueras ef2)19)about this trial site is the changes in the quality of
the injected water as it travels betwedhe injection and extraction well§he injected water meets

the Spanish criteria for drinking water set forth by Royal Dec##2D03 Groundwater levels rise by
about 810 m during recharge. The conductivity of groundwa8&Q(uS/cm drops due to mixig with

the recharged water90-100 pS/cm (Nogueras et al. 2019; Sanch&zGutiérrez 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 wate the aquifer Table10). 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 stan@Batiée 10 (Nogueras

et al. 2019)

Table10. Water quality during the main stages of the ASR trail schemes. Taken from Noguerd2Gtl.

Casilla Valverde Bis FE1R
Parameter Before | Beginning of | Atthe end of | Before | Beginning of | At the end of
AR recovery recovery AR recovery recovery
pumps pumps pumps pumps
Conductivity (uS/cm] 219 149 317 260 220 431
pH 7.8 8.78 8 7.49 7.26 8.15
As (ug/l) 7.5 <25 17 7.2 <25 36.1
THMs (ug/l) 0 35 1.7 0 11.9 2.1
Nitrate(mg/I) 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 frafCC8 to Na
HCQ hydrofacies Figure20) (Sanche& Gutiérrez 2019)

In this case, water for MAR is of very good quality (urban supply’s surplus) and dae=edany
additional treatment prior to recharge.

Deliverable D&

58




MARSolur Enhancing \&ter Quality byOptimising MARDesign atActive MARStes in Spain

100

SO4 + Cl

CATIONES ANIONES

Figure20. Groundwater quality around ASTR trial sitelAE. Taken from Sanch&zutiérrez(2019)

6.2.3 The Careo¢Granada, Spain)

The 'Acequias de Caréare MAR channels of permeable bottom and watpreading systems used

in Sierra Nevada, Southern Spain, to increase water availability since the eariglahis (80"
century AD). They consist of dug canalshet headwater of the basins that collect, transport and
enhance snowmelt and runoff recharge into the underlying fractured aqutigu(e21). This recharge
occurs predominantly in spring and increases groundwater discharge into the lowlands during the dry
seasonFernandez Escalante et 2005)

Barbera 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 &mthe 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 poirg in two campaigns during the snowy (Jandaepruary) and the snowmelt (May
June) seasons of 2015. Snow samples were analysed in Apri(R@héra et al. 2018; Jodar et al.
2022)

Overall, water in Bérchules has calcidimarbonate and calciurmagnesiurdbicarbonate type facies,
with fewer occurrences of calcititmagnesiurdbicarbonatesulphate and sodiurgalciumbicarbo
nate types. Groundwateglectric conductivities range between 19 and 1,X8cmwith an average
of 111>S/cm and show some mineralisation level concerning the uplaigé ¥S/cm). The mineradi
sation of groundwater is due to two main processes: the concentration of solutésasulla, Ca, Cl,

Deliverable D& 59



MARSolur Enhancing \&ter Quality byOptimising MARDesign atActive MARStes in Spain

and SQ@due to evaporation and chemical reactions between the recharged water and the porous
medium, namely hydrolysis (e.g., albite, anorthite, anfitlidspar) and dissolution (calcite and delo

mite). There is also some input of 1@ 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 precipitati
results in recharge. MAR in these areas has considerably increased recharge since the characteristic
steep slopes, and loywermeable lithologies could not account for the high percentage of precipitation
converted into groundwate(Barbera et al. 2018; Jédar et al. 2022)

Figure21. Examples of Careos in the Bérchules River watershed, Sierra Nevada, Spain. Photos of the
authors.https://dinamar.tragsa.es/post/Galeridotograficade-los-Careosde-las-Alpujarras

Snowmelt and groundwater are predominantly-8@ and CaHCQ facies Figure22), although in
some particular springs and wells different hydrofacies are observed.

The source water for MAR in this MAR scheme is-tighity and does not require any barrier to
reduce the risk of water pollution. Also, the literature doesnémtion any geogenic contaminant that
could be mobilised by MAR and pose a risk for later human use or the environment.
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Figure22. PiperHill-Langelier diagram for various water points in the Bérchules watershed
during the snowy season. Own elaboration with data taken from Barbera @04I8)

6.2.4 The Cobre de Las Cruces Copper Migeville, Spain)

The Cobre de Las Cruces Copper Mine is an open pit mi@euithwestern Spain. The mine has
intersected the Niebld#osadas aquifer and therefore requires complex drain&ggu¢e23 a) and re
injection (Figure23 b) system to dewater a large area. The drainage system comprises 32 active
extraction wells. Before #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
(Figure24). The drainage and rimjection system transports an annual volumeasbund 3.2 M
(Baquero et al. 2016)

At the mine site, the aquifer is confined by a marl layer whose tleiskivaries between 12060 m.

The native groundwater is almost not renewable and is a mix of tweneeahbers, one of which is
highly saline cognate water that probably remains since the transgression of the Tortonian Sea.
Groundwater quality varies spatial As it travels from the recharge zone in the northern fringe of the
aquifers to the south, the concentration of As, Nldnd B increase through natural processes- pre
dominantly that involve organic matter, minerals in the porous medium, and mixingtefsvdn some

parts of the aquifer, some constituents' concentration exceeds drinking and irrigation water quality
(Baquero et al. 2016)
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Figure23. The Cobre de Las Cruces mine: drainage well netwqr&n@ye
injection well networKb). Taken from Baquero et §2016)
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Figure24. Geological crossection of the Cobre de Las Cruces mine. Taken from Baquer{26tL &l
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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 confiBedjuero et al. 2016 he reinjected
water must be treated to comply with the water authority's requirements. Tigatment takes place

in a wastewater treatment plant. The resulting water also loses calcium and magndsigume@5)
(Baquero et al. 2016Regarding hydrofacies, the native groundwater and the treated groundwater
belong to the NeCl type Figure25).

In this site, the concentration of certain pollutants of natural origin is above desired levels.
Consequentlywater treatment is required before MAR to comply with environmental standards set
by the regional water authority.

O Grounwater

O Treated groundwater

100 80 60 40 20 0 0 20 40 60 80 100

Calcium (Ca?") Chloride (CI7) + Nitrate (NO37)

Figure25. PiperHill-Langelier hydrogram for the groundwater and treated groundwater at the
Cobre de Las Cruces MAR scheme. Own elaboration with data taken from BaqudgD&6al.

6.2.5 The El Port de La Selva MAIRgGerona, Spain)

In this site, tertiarytreated wastewater from the town of El Port de La Selva, Spain, is recharged into
unconfined aquiferghrough 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 Soll
Aquifer Treatment (SAT) scheme. The final use of the recharged water idgpataer supply. Secen

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. Téaty effluent is finally conveyed to an elevated storage tank providing
water to the infiltration basinsKigure26). MAR takes place during winter when primary effluent can
be treated to reduce total nitrogen to a concentration below 10 mg/l effectiieijnorové et al. 2021)

Dual media filter

Secondary

effluent

UV disinfection
k4
Storage

tank * )

Soil-aquifer treatment

|
——

Figure26. Schematic representation of the El Port de La Selva MAR Site. PZ: groundwater monitainegterez
DW: drinking water well. Taken from Fajnorova e{2021)

Operations started in 2015. Recharis conducted by means of three infiltration basins with a
combined area of 439 frthat operate following wet and dry cycleBigure27). Changes in ground
water quality are monitored through a small network of piezometers located nearby the infiltration
facilities and dowrgradient of the infiltration sites (PZ4, PZ6 and PZ7). Piezometer PZ3 is unaffected
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by recharge and monitors native
groundwater quality Figure27). The
aquifer consists of unconsolidated
block and gravel deposits embedded
in a sand ad silt matrix. The total
thickness is about 34 m (Amphos
21 2016, Fajnorova et al. 2021)

Figure27. Plan view of the El Port de La
Selva MAR site. Taken from Fajnorova et
al. (2021)
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The SA 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, chlorde, sul
phate, and dissolved oxygen), which in many cases reamteatration below the ambient ground

water after travelling through the aquifeFigure28).
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Figure28. Concentration of/arious groundwater constituents at multiple locations related to Port de La Selva
MAR site. Modified from Fajnorova et g2021)

SAT help to reduce the prevalence of indicator bacteria, enteric viruses and piége®Z9) and
help to reduce antibiotic resistance to the levels found in the native groundw@sgnorova etl. 2021)

Soil-Aquifer Treatment

Indicator Conventional Tertiary Log Reduction
Organisms WWTP  Treatment Log Reduction/d
(Measured)

PZ7 PZ6 PZ7 PZ6

Total coliforms 2.84 285 >0.91 =0.91 nd nd.
E. coli 277 292 >0.49 =0.49 nd. nd.

E. faecalis 217 2.57 >1.06 =1.09 nd. n.d.

C. perfringens 195 283 =0,73 =0,73 nd nd.
Bacteria (median) 247 2.84 =0.81 >0.81 =059 =0.34
MS2 phages 2.21 2.49 0.31 0.18 0.22 0.08

Figure29. Logreduction of various microorganism indicators at multiple Port
de La Selva MAR Site locations. Taken from Fajnorov&(2021.)

The main water quality concerns related to this site are the fate of microorganisms (bactdria an
enteric viruses), antibiotic resistance, and contaminants of emerging concern (CtE€), Fajnorova

et al. (2021)found that despite SAT, which helped remove or decrease the concentration of many
potential contaninants, 15 CECs were found in groundwater above hdmlded or drinking water
thresholds.
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6.2.6 The Guadiana MARanal (Ciudad Real, Spain)

This MAR site utilises opportunistic river water surpluses to recharge it into an unconfined aquifer. It
consistsof a series of wells placed on the river bank of the Guadiana Canal that capture river water
during high stages (especially in winter) and injectFig@re31) into a karstic aquifer comprising
tertiary limestone and detrital pliguaternary volcanic segtients. 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 theestoration of degraded wetlands in the Daimiel National P&igure30) (Fernandez
Escalante 2015)

TR

Figure31. The Guadiana MAR site: (a) Pefiarroya dam heading the MAR candb) %R well used to recharge
river water into the mudstone aquifer. Photos of the authors.

Water source hydrofacies correspond to-R& while groundwater's to N&Q, predominantly, and
Na-HCQin at least one wellRigure32). 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 Bpagidation 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(Fernandez Escalante 2015)
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Figure32. PiperHillLangelier hydrogram for MAR source water (river water) and
groundwater at multiple wells employed for MAR. Own elaboration with data taken
from Fernandez Escalant2015)

6.2.7 The Los Arenales MARes (Segovia and Valladolid, Spain)

The Los Arenales MAR site consisthide largescale 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 CarnadiRedrajas
AlcazarénKigure33).

These MAR systems are a response to the considerable decline in groundwater Feyele 34)
experienced in the southern region of the Douro River basin due to massive groundwater abstractions
for irrigation. They alsoseek to ensure irrigation demands in the context of eabocated water
resources.

These systems rely on a combination of infiltration basins, infiltration canals, artificial wetlands, and
wells Figure35) to recharge unconfined quaternary deposits thalve, in some parts, direct connec
tion with sand layers of deep tertiary semiconfined to confined aquifer systems.
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Figure33. 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.
(202%).
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Figure34. Groundwater level decline measdrat groundwater monitoring
station PZ2045005, near the municipality of Mojados. Taken from Henao
Casas et a[202D).
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Figure35. Los Arenales MAR Sites: (a) large infiltration basin in Santiuste; (b) infiltration canal branching out of
the large infiltration basin in Santiuste, ) La Laguna del SefiorGomezserracjra large infiltration basin in El
Carracillo; andd) a largeinfiltration basin inthe same villageEl CarracilldMAR site

El Carracillo system relies on water surpluses from the Regg 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 tla Volto
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 Pedrajag\cazarén $ 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
OrganicCarbon (TOC). Originally, the Pedrafdsazarén was planned to use water@uses from the
PironRiver 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 Sitagehyielded a average recharge of about AMm®year
between 2002 and 202€ombined.

In Santiuste and El Carracillo sites, the predominant water facies afQawhile in Pedrajagca
zarén SAMAR, the main water type is €0 (Figure36). Chemicaldata have been obtained from
MARSOL2016b).
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Figure36. PiperHill-Langelier hydrogram for MAR water sources and groundwater at the Los Arenales MAR sites.

6.2.8 Mallorca experimental SATMAR ste (Balearic Islands, Spain)

In this site, an experimenwas undertaken, consisting of ovirigating 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 Arianyintitisd to the east

by the road from Petra to Santa Margalida {8/340) and to the south by the M2301 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 amibdiie 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 rechbaygepplying a

dose of irrigation above the crop's necessities with reclaimed water proceeding from a Maria de la
Salut wastewater treatment plar{Figure37). The excess water reaching the aquifer and the interac
tions in the saturated and unsaturated zwere analysed through a well located at a lower hydraulic
level.
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Figure37. Mallorca experimental SAWAR site: (a,b) Pond to store water from the Maria de Salut wastewater
treatment plant; (c) orsite information about the EARSAC project; and (d) irrigation system at one of the plots
studied. The orange arrow indicates the pi@mster'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 th&EARBAC projecthttps://dinamar.tragsa.es/pdf/libreearsacpdf,
accessed on 28/02/2023) he 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 Nal hydrofacies while the groundwater varies considerably,
showing C&Cl, CeSQ, NaCl, and N&HCQ water types Figure38).

Deliverable D& 71



MARSolur Enhancing \&ter Quality byOptimising MARDesign atActive MARStes in Spain

QSite 1 (Groundwater)
Site 2 (Groundwater)
Site 3 (Groundwater)
Site 4 (Groundwater)

OTreated wastewater

100 80 60 40 20 0 0 20 40 60 80 100

Calcium (Ca*) Chloride (CI7) + Nitrate (NOs™)

Figure38. PiperHill-Langelier hydrogram for MAR water source (treated waste
water) andseveral monitoring sites established during the EARSAC project.

6.5.9 The Sant Vicenc dels HeMAR site(Barcelora, Spain)

This MAR site is located in the Llobregat area and the vicinity of the municipality of Sant Viceng dels
Horts, CatalunydFigure39). Water from the Llobregat River is conducted to a decantation pond with

an area of about 5,600 InSubsequently, the water is taken to an infiltration pon@Q® nt), where

water percolates into an unconfined aquifer a few metres thick (and up 1@’ he 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 Mriyear.

In 2011, the infiltration pond was upgraded with an organic layer of vegetal composts in order to
enharce 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-B&Q hydrofecies Figure40). A major water quality concern
of the recharge water is CECs.
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Figure39. The Sant Vicen¢ dels HOMAR site. Location and images of the different parts of the system. Taken
from the website of the DEMEAU projdutifs://demeaufp7.eu/sites/files/SVH.pngaccessed on 28/02/2023).
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Figure40. PiperHill-Langelier hydrogram for MAR water source and ground
water at several monitoring sites in the Sant Vicerg tiots MAR site.
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6.5.10 The Tenerife pilot SAMAR dte (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 tneat plant Valle del Guerra
(Northeast of the Island) to be injected into fractured basalts formations through anallgFigure

41). The objective is to study the behaviour of the receiving medium and the interaction processes
between reclaimed water anthe 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 diametemahlig 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, Rio Claro and La Noria wells. Both are used for the irrigation
of banana trees' plots of land.

Figure41l. EDRAR Noreste, Tenerife, Spain, where a neviM®RTexperiment with reclaimed water in volcanic
rocks is beginning. EDRAR Norestgafa] future plot for the percolation well (b).

Groundwater in this MAR site belongs to-NEHCQ hydrofacies Figure42).

The results of this MAR trial will be provided at the end of the project by 2024.

Deliverable D& 74































































































































































