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Managed Aquifer Recharge (MAR) is a promising technique for water management. It comprises a
group of technologies that enhandke infiltration of various water sources intaquifers. The water
stored underground can serve different useach as irrigation, industrial and drinking water supply,
and the recovery or preservation of environmental assets. The uptake of MAR is rapidly increasing
worldwide under the threat of multile pressuresincludingclimate changethe decline in aquifer
storage and environmental degradation. The present report is part of Hoeizon 2020 MSCA
"Managed Aquifer Recharge Solutdiraining Network (MARSoluT ITN0192023), whichaimedat
trainingexperts in MARhttps://www.marsolut-itn.eu/). Report D4.4 deals with the objectives of work
packaged (WP4) and seeks to evaluate the performance of MAR sites across the Mediterranean using
monitoring dataD4.4 continues a line of research startedhia FP7 projectDemonstrating Managed
Aquifer Recharge as a Solution to Water Scarcity and Dro(gAiRSOL20132016) throughMARSOL

work package 13 (WP13) aitd Celiverables D13.1 and D13.3, which pr@ddechnical solutions for

MAR.

The performance ofix MAR sitesacross the Mediterranean wasvaluated namely,The Algarve,
Portugal (UAIg); The Los Arenales MAR sites, Spain (TR&K@SAlereto MAR site, 11a(SSSA}he
Pwales MARit®, Malta, (EWX the Argolis Field, Greece (NTUA); and the Menagkams MAR site
Israel(ARO) The performance was evaluated in terms of seven categoyessly recharge volumes,
impacts on groundwater levels, impacts on water quality, infiltration rates and ciggsgte upgrade,
financial aspects, and other aspecthesite performanceevaluationinvolved research conducted
primarily within the framework of the MARSoluT projetit. generalthe sites show satisfactory per
formance after several years of operaim In the Algarve, MAR could help to palliate some of the
current issues, bt other measures are also required.

In addition, acalculation for the unintentional recharge of groundwater caused by transversal struc
tures (dykes and dams) has been conducted as a starting point for a future more a@sinaiztion

The volume infiltrated from the about 27,600-iiver structures ranges between 800 and 1,200
Mm?3/year for the Spanish territoryrepresenting a startinggint for this new line of action about
(un)managed aquifer recharge at a large schle obtained figures will bine-tuned in the futureof

this initial figure

The site performance evaluation research involves multiple tools and diverse approachhesinmc
numerical groundwatemodeling, analytical hydrochemical characterisation, field and laboratory ex
periments, and geospatial analysis. A total of 20 technical solutions were added tst thedtistarted

in MARSOL withdlverable D13.1. These tagological solutions are related to multiple aspects of
MAR, such as operation, planning, maintenance, and site upgrade. The advances in MAR sciences and
engineering reflected in this report showcase successful MAR experiences and provide technical
solutions that carsupportthe marketpenetration of MAR in the Editerranean region and beyond.

Deliverable D4.4 5
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The MARSoIuT Interactive Training Network (ITN)isaNlatie02 R2 g a1 / dzZNAS R2 O 2 NI
to train 12 highly skilled doctoral fellows Managed Aquifer Recharge (MAR). This goal materialises
through PhD theses developed with member and partner institutions. The main objective of all the

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

The PhD candidatesesearch has also been grouped irfitur work packages (WPs) which focus on
different aspects of MAR, including sustaining high infiltration ratesljy@Pimproving water quality
for MAR (WP2). The results of the WPs @resented as deliverablebat are submitted to the
European Commission. The ¥4nd PhD resear@sgive answers to knowledge gaps detected by the
consortium and, in some casesntinueactive lines of research started in previous projects, notably
the FPM™ARSObproject

This ddiverable (D4.4) is part of WP4 and deals with MAR design and construction criteria. It is a
continuation of MARSOLWP13, which resulted in variougliverables (D13.1 and D13)2&nd show

cased technical solutions for MARP4 has a pragatic and innovéive character. fecific objectives

are the following:

1. Implementation of monitoring systems and development of a flow model for Malta South.
2. Development of a regional river basin model for scenario analyses.
3. Enhancing water quality by optimising MAR desigactive MAR sites in Spain.

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

D4.4titled "Report on the performance of optimal MAR desigrscerns thdourth objective of WP4,
namely, the statiical analysis and evaluation of lot&ym monitoring data and site upgrade of identi

fied hotspots. Consequently, this report aims to provide optimal design and construction criteria by
assessing the performance of MAR sites through monitoring data.ienl, five hotspots across the
Mediterranean where MAR operationsve taken place were evaluated.

The performance of the MAR system can be assessed from various perspectives. From the impact of
the artificial recharge operations on groundwater levelsl ajuality to the state of the infiltration
infrastructure and economic indicators. Hence, multiple aspects were considered for the evaluation of
MAR site performance:

1. Yearly recharge volumegearly volume of water artificially recharged into aquifeksring
MAR site operation.

2. Impacts on groundwater levelsvaluation of the effects of the MAR site operation on ground
water levels and aquifer storage.

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

1 Available atvww.https://dinamar.tragsa.es(accessed 19/01/2023)
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4. Infiltration rates and cloggingvaluation of how infiltration rates have evolved with a view to
clogging issues and how they have been managed.

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

6. Financial aspects: indicatorsfofancial performance or financial factors that could be of inte
rest to the MAR community, given the relatively little literature in thigane.

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

Theperformanceevaluation of somef the addressed MAR sité®es not includall of these aspects
since notall of them may have beemsearched in the framework of MARSoIUT.

The evaluation of dykes as sources of recharge for aquifers in Spain is aldednclthis report. These
dykes have contributed to groundwater recharge for many decades. Helping in understanding their
role would help to decrease uncertainty in hydrological balances. Although dykes in Spain are, in most
cases and unintended sourcesgrbundwater and, therefore, not MAR systems, they resemble the
situation in India, where hiquitous check dams have been built to feed aquifers. Hence, any eonclu
sion in Spain could be relevant for MAR performance at the regiondlifewéher parts othe world.

¢ SOKYAOFf azfdziaAzya NBadzZ G FNRY (GKS | aasSaayvySyd 2
are conceptualised and summarised in the present report, giving éi A ydzA & G2 a! w{h[ Q
Deliverable D13.1.

The present deliverable follasithis structure: the first section provides the objectives, followed by a
background on the MAR sites focusing on the improvements and the research conductedtidering
previous projecMARSOLMARSIUT s precedentSection two evaluates MAR site performaa forsix

hotspots in the Mediterranean region from east to welSigurel). These sites are their corresponding
responsible institutions are i) The Algarve, Portugal (UAIQ); ii) The Los Arenales MAR sites, Spain
(Tragsy, iii) the Suvereto MAR site, Na(SSSAJiv) the Pwales Valley MAR Site, Malta (EViiA)the

Argolis Field, Greece (NTUA); and (v) the Menashe Streams MARrsig#(ARO). Performance is
evaluated in terms of the seven factors described above, preceded by an introduction tdehe si
Section 3 studies the lorgrm indirect infiltraion of water in Spain through #gs. Subsequently, the
technical solutionsdraw¥ N2 Y a! w{ 2f dz¢Qa a'!w aAdGSa NS LINBaSyil.
with conclusions (section six), references (section sg\ard the annex
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Figurel. Location of MAR sites evaluated in the current MARSoIUT deliverable.

Deliverable D4.4



MARSolur Report on the Performance of Optimal MAR Designs

HBPO2SOUADSA

The mainobjective of deliverable D44 to conduct statistical analysis and evati@ing-term monk
toring data and site upgradef identified hotspots. This objective is linkedtad w{ h[ LR 2SOl Q2
of researchconcretisedn deliverables D13.1 and D13.3

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

1 Reviewing the main accomplishmentdliverables D13.1 and D13.3.
f WSLEZNIAY3A 2y (GKS LISNF2NXIyOS 27F o monfofingdzt Qa a
data.

f Conceptualising new technical solutions for MAR based on tRelpNB aa | G a! w{ 2 f dz¢
sites.
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Severalines of research developed in MARSOWP 4 began in MARSOL (FP7 Whataeo-demo cal,
20132016), especially in WIB, which provided technical solutions for MAR design and construction
ONXR S NA I delivarable§ B13.0 &nd D13.Actessible atttps://www.dinamar.tragsa.es/
accomplshed the following results:

I Examimdthe implemented technical solutions #te MARSOMdemonstrationsites to define
a baseline

91 Develgpednew designs, technologies and construction criteria

1 Guidelines foselectingappropriate MAR technical solutisand construction under diverse
environmental conditions

9 The poposition of effective strategies to integrate MAR techniques to expand the water
supply capacity

1 Analysis of best MAR practices and technical solutiortheaMARSOIdemonstrationsites
throughbenchmarking

1 Demonstration that MAR jsn some caseghe only strategic solution to face water scarcity
and extreme weather events, especially drougtitbe key is the storage.")

Key information from these deliverables is presented beloanstitutinga baseline for many of the
solutions and analyses providedtire present report (D4.4).

3.1 MARSOL Deliverablel3.1: MAR Technical Solutions Review abdta
Basé - main outcomes

a! w{ h[ Qdepott (Feruvdez Escalante et al. 20Hg&pscribed in detail the state of the art of
MAR technical solutions at MARSOL degites. These solutions included operative and management
aspects, criteria for the design and construction of MAR facilities, and a set of prsblation bine
mials.

The technical solutions (TS) were distributed among five groups according to the mainnesrhpo
aspect of the MAR system. Each group was further subdivided in various thematic cateyooias.
of 73TSwere identified

3.1.1 Source waterg quantity

1. Preselecting: define criteria for selecting MAR source water when several sourcesdable

2. Temporary storage of MAR water in surface reservoirs

3. Control of the flowvelocity of MAR Water (e.g., kigs)

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

5. Install security structures to prewnt overflow, such as ruroff tramps, spillways, etc.

Deliverable D4.4 10
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3.1.2 Source waterg quality

3.1.2.1Pretreatment

6. Pretreating the water for MAR at the origin. Various technologiesaqmglicable WWTP,
membranes, mud lines, filters, packets, .etc

7. Pretreating the water for MAR at the beginning of the MAR scheme. Various technologies are
applicable filtering beds, decantation/stagnation structuraetgaerating etc.

8. Including multiple barriers along water conveyance structures to improve watertyualy.,
controlling the pHhroughmudstone gravel filters

9. Utilising various procedures and produéts disinfectingsuch as Cl, I, 03, H202, UV rays, etc
10. Using chemical additives to eliminate clogging layers (specify)

11. Combining different methods tmmprove MAR water quality, e.g., a "triplet scheme" which
involve wastewater treatment plants (WWTPSs), greenitta®, and artificial wetland.

3.1.2.2Surface facilities

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

13. Controllinghydraulic heads

14. Considering denitrification processes/additives (e.gnaemox)

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

3.1.2.3Injection

16. Employing anticorrosive materials
17.Changing pumping depth
18. Reduce fertiliser rad pesticide input in nearby areas

3.1.2.4Receiving medium

19. Employing mechanisms to avoid aeration of MAR water, e.g., communicating vessels,
open/buried structures, velocity control, etc

20. Usingdeaeratingtechniques, for instance, through piezometersimmereasing distance

between injectionextraction points

21. Maintain the system as closed as possible from the atmosphere to avoid air bubbles in the
recharge water and algae blossom

22. Avoid seawater intrusion by installing hydraulic barriers

23. Consideringgroundwater flows in complex systems

3.1.2.50ther

24. Using fish species to reduce clogging (e.g., medaka)
3.1.3 Receiving medium (saturated and unsaturated zohes

3.1.31 Previous studies

25.Improving as much as possible the knowledge about the recanedium
26. Using natural structures on the site can contribute to airaidvater losses from the system

3.1.3.2Surface facilities

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

Deliverable D4.4 11
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28. Using gedfabrics at the bottom and slopes

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

30. Maintaining geefabrics, membranes, and filters through backwashing

31.Using water jettype cleaning techniques

32.Using chemical prodtg such as additives to conduct cleaning

33. Conducting operations at the bottom of infiltration basins such as algae drying, natural bed
drying, cryetreating, and cake cracking (cake)

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

3.1.3.3Injection facilities and piezometers

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

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

37.Selecting casing matials for wells according to groundwater characteristics (pumping
quantity, water quality, and expected durability)

38. Employing automatic systems to control water levels

39. Employing clogging preventive procedures, egthodesprotection.

3.1.3.40perativeaspects

40. Using multiple infiltration systems that allow cleaning in one of them while the rest operates
41. Cleaning the vegetation in the MAR facilities

42. Utilising plant roots to increase infiltration rates

43. Changing the frequency of cleaning techniques

44. Using basic cleaning vehicles (BCVs)

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

3.1.41 Operation

45. Considering esitu management practices, such as water governance

46. Selecting the most appropriate period and place twidée water for MAR considering
previous concessions

47. Initiating MAR operation progressively

48. Measuring and controlling (automatic or manual) the water flow volume and velocity.
49. Using multiple infiltration systems that allow cleaning in one of them whigerest operates
50. Considering alternative sources of water for MAR

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

3.1.4.2Maintenance

52. Developing a specific protocol to control clogging

53. Developing a protocol for the propéunctioning of hydremechanical, e.g., the pressure
inside the conveyance pipes

54. Designing programs for cleaning and maintenance andrigawom for decisios "on the go".

3.1.4.3Decision support systems

55. Integrating all the elements in the system properl
56. Promoting the participation of farmers and other decision agents in water management.
57, AYAGAY 3 FSNIAEAASNEQ dza$sS

Deliverable D4.4 12



MARSolur Report on the Performance of Optimal MAR Designs

58. Decreasing untreated water spills in the area

59. Creating a protection perimeter around the MAR facilities to avoid vandalism
60. Includingsafety measures for humans and fauna in MAR facilities

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

3.1.4.4Management

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

63. Designing and adopting proper watching and control programmes
64. Construcing dams specifically designed for MAR

65. Constructing WWTP specifically designed for MAR

66. Considering financing mechanisito give continuity to R&D projects
67. Consulting existing operative guidelines

68. Utilising surface and underground sens¢o monitor MARoperations

3.1.4.5Reuse

69. Reuse abandoned wells and facilities that were intended for other purposes, such as River
Bank Filtration (RBF) systems

70. Using existing natural previous elements to improve MAR effi@srguch as dolines and
sinkholes

71. Using pe-existing elements for MAR, e.g., rivedlams and meander scarfs

Detailed explanation®¥ (G KS GSOKYyA Ol f &2 dzisideliyedablds RB3.1 br@l A f I 0
D13.3

As part of this deliverable@ movie abouthe Los Arenales MAR demstration site was created and

titted "ArenalesMovie: Technical solutions for Managed Aquifer Recharge at Los Arenales aquifer,
Castileand Leon (Spait) This movie is intended for technicians and students and explains site
conditions and the MAR technical solutiongpéied. The video is availabten the Water Channel
(http://thewaterchannel.tv/mediagallery/6139managedaquiferrechargeat-los-arenalesaquifer
castilleandleon-spain), andon YouTubelfttps://youtu.be/Dw22rcEQdiw

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

1 Before implementing MR, it is nhecessary to choose the most appropriate method. Surface
infiltration systems can have the advantage of pollutant attenuation in the vadose zone.

1 In most demonstration sites, water availabilityfor MAR is not guaranteed during long
droughts. Consequently, alternative sources such as reclaimed water should be considered.

1 Although many MAR sites have been operating for several years, there is always room to im
prove design, operation and maintenance.

1 Detailed technical studielsefore MAR facilit construction can help consideralbigduce or
avoid problems.

1 Most of the MARdemonstrationsites show a good performance and, in some cases, even
beyond expectations despite some drawbacks. However, conducting MAR in areas with
unfavourable or difficultconditions (e.g., karstic and fractured aquifers) caadl¢o larger
failures.

Deliverable D4.4 13


http://thewaterchannel.tv/media-gallery/6139-managed-aquifer-recharge-at-los-arenales-aquifer-castille-and-leon-spain
http://thewaterchannel.tv/media-gallery/6139-managed-aquifer-recharge-at-los-arenales-aquifer-castille-and-leon-spain
https://youtu.be/Dw22rcEQdiw

MARSolur Report on the Performance of Optimal MAR Designs

1 Water treatment and reusespmetimes through MAR) can hefatisfygrowing water demand.
For instance, in coastal areadthva significant seasonal demand variation, jointlyngsi
systems for water storage and regeneration is having great sugtesgpplying drinking water
andcounteractingseawater intrusion.

1 Depending on the local conditions, design parameters and management practices must be cre
ated "a la carte”

9 The proces®f improving MAR sites is nevending. Each improvement comes with a new
research line.

3.2 MARSOL Delerable D13.3: 'MAR [esign andQonstruction Qriteria" -
main outcomes

a! w{h[ Qa 5mo®o0 RSt ADSNI of SMARYDES drRildhie. It cgnBistsiof/ad Sy (i 2
updateof the inventory developed in the DINMAR projeci{2010) The25typologies omitting those
redundant,are the following:

Infiltration pondsivetlands
Infiltration canals (€hannels) andlitches
Ridgessoil and aquifer treatment technigues
Infiltration fields (flood and controlled spreading)
"Accidental" recharge by irrigation return
Reservoir dams and dams
Permeable dams and bimns
Drilled dams
River bed scarification

. Qanats(underground galleries)

. Open infiltration wells

. Deep wells and welboreholes

. Boreholes

.ASR

.ASTR

. River BinkFltration (RBF)

. Inter-dune filtration

. Underground irrigation

. Rainwater harvesting in unproductive

. Sustainable Urban Drainage Systd@9DS)

© o NN

NP P RPRRRRRRRR
O ©W O ~NOUDMNWNDNIERO

Figure2 showsthe existing MAR typewisual representationand picture of an actual sitd he figure
also indicatesvhethera type ispresentat aMARSOHemonstrationsite.

The recommendations for each typology of the inventory are developdtiardeliverable. Some
specific items are under improvement during MARS progress.
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The following are the most important conclusions from this report:

1 An environmental impact assessment at MAR sites shibnvat MAR schemes can solve prob
lems anctreate rew ones. Fortunately, most negative impacts can be mitigatembhgidering
site-specific conditions.

1 Not all MAR typesvere applied in the MARSOL MAR sites.

9 Itis necessary to design SMARS&stainable Managed Aquifer Recharge Technical Solutions
that involve expertise gained in previous projects.

1 New facilities incorporate updates and staiéthe-art technology that are based on previous
experiences, resulting in a constant process of improvement. The same applies to SAT tech
niques at a smaller scalén which every new recharge cycle becomes an opportunity to
improve.

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

1 Inthe future, the need foareliable water supply will force a move away from natural resour
ces andowards water reuse, which casften supply recharge water 24/7.

1 Optimal MAR facility designs must come along with wise operation and sound planning,
management, cleaning and maintenance.

1 MAR techniques can leverage previous infrastructure (quarries, snisend pits, and old
ditches) to decrease costs and building times.

1 Perhaps the major issue in MAR operation is clogging. Preventive measures are paramount to
deal with it.

1 Modifying the receiving medium (e.g., bottom of and infiltration basin) caad&antageous
G2 AYONBIaS AyFA{GNIGA2y NIGSa FyR fSy3idKSy i
1 Interms of water quality, the most important measure to achieve great MAR performance is
pre-treatment. The better the quality of the original water, the better the results

9 It is imperative to consider the experienad specialists and strengthen links between
technicians, farmers and regulators.

1 Showcasing successful experience with MAR is vital to improving confidence in the tech
nique.

i It isessentialto use multipleapproaches for technological watching (e.g., web aldds)e
updated on the best available technologies.

1 Conducting previous studies carefully can help avoid inconveniences during MAR facility
construction and operation.
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'SUSTAINABLE URBAN DRAINAGE SYSTEMS

.

SDUS. Gomeznarro park. Madrid, Spain.
Photo: E.F. Escalante.
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Figure2. MAR types and thiepresence at the MARS@&monstrationsites.
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4.1 The Algarve (Portugal)

4.1.1 Introduction

It is worth to rotice that most of this chaptes’ contributions proceed froftMARSoluT'&€arly Stage
Researcher (ESRathleen Standeand her tutors during the project’' development.

The studies referenced within D4.4 in the Algarve focus on the Campina de Faro aquifer (formerly
designated as M1fr its groundwater body’s designatiprwhichis now divided into two regions for
management purposes, based on the different pressures in each area. The eastern sector (M19) has
been subject to historical and egoing nitrate contamination from agricultural activities, whilst the
western sector (M1Bis facing aquifer levels below sea level across much of the aquifer and
consequently is at risk of seawater intrusion (SWI). The aquifer is shoWigme3.

Legend — River Cretacious limestones N
© Places D Nitrate vulnerable zone Mio-Plio-Quat. sands
¢ MARSOL Quality point D Groundwater body Jurassic limestones

* Quant. monitoring point Geology Jurassic marls
*  Qual. monitoring point Aluvionary deposits

} -~
(1
I >

3
T
o

Q

Figure3. Study area, main groundwater bodies, simplified geology, designations and monitoring network. From
Costa et al(2020)

Previous MAR investigations have mainly focussed on the eastern phd Gampina de Faro aquifer
(M19). These included the Hunded GABARDINBiamantino 2009and MARSOL projedfseitéo et

al. 2017) where infitration basins were excavated into the Rio Seco, the main surface water drainage
that crosses M19 from north to south as showrFigure3.

During MARSolyT® feasibility study of MAR potential across the whole of the Algarve River Basin
District (RH8) waandertaken (reported as MARSoluElDerable D4.22023. A detailed numerical
modeling study was also undertaken to investigate the potential of MAR to mitigate seawater
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intrusion (SWI)in the western part of the Campina de Faro aquifer, the Vale dm Isoitssystem
(Standen et al. 2022%everatecent studies have also been completed that investigated the potential
of greenhouse runoff recharggosta et al. 202@nd assessing the impact of management changes
on groundwater nitrate concentration€osta et al. 2021)

This extensive body of evidence means that we are now able to identify and quantify the water sources
for MAR in the area, determine whether these are sufficient to achieve improvemdhe ground
water status alone, and identify if and where further measures are required.

4.1.11 Water management challenges

In Europe, the Water Framework Directive (WFD) legislation requires EU member states to achieve
GD22R¢ &Gl G dzaterbadNirface WateAbN®edAyyR@T. Where this status is not met,
measures must be included in the River Basin Management Plan (RBMP) Program of Measures to
achieve these objectives. In Portugghod quantitative status was defined where annual abstaarct

is <90% average annual recharge for the first and second cycles of the RBMP, whilst the draft RBMP
F2N) O2yadzAf GFidA2y F2N) G6KS GKANR 0O20fS y24 RSTAYyS:
recharge(APA 2022)In the third cycle in the RH8 region (Rivers of the Algarve), 5 of the 25 ground

water bodies fail to meet good status, includihgth the Vale de Lobo and Faro subsystems of the
Campina de Faro primarily due to golf course irrigation, and agricultural irrigation respectively.

Ly GKS RNIFO w.at 2F (KS GKANR Oe0ftS> GKSNB I NB
p SAGK I WYSRA2ONBQ OKSYAOIf &0 lcQurilotyddOuws) y 3 YA
and in M19 (Campina de Fat@ubsystem Faro); andlohide in M18 (Campina de Facd&Subsystem

Vale de Lobo).

Groundwater is used in the Campina de Faro aquifers for the golf, tousisthagriculture sectors,
with current abstraction in M18, M19 and M11 estimated at 12.80¥ear, whilst long term annual
recharge for these aquifers is estimated to be significantly lower at only\8m83year. Consequently,
the annual water balance deficit in the Campina de Faro is large, with M18 (4.3§&4m), M19 (1.35
Mm3/year) and M11 (0.29 M#ftyear) affected(APA 202Q)leading to declining water levels and SWI
in places.

4.1.1.2Campina de Farpitrate contamination

Aquifer contamination by fertilizers has been of concern for aquifers in South Portugal since the 1980s,
particularly for the Campina de Faro aquifer system, where nitrogen fertilizers used in agriculture
represent the largest diffuse pollution threat taagindwater quality(Stigter et al. 2013)The Nitrate

Directive and WFD resulted in the implementation of measures by the regulatory agency, such as
SyO2dzN» 3Ay3 3F22R | ANROdzZ GdzNBE LINF OGAOSa iGe2 | OKAS
quality has not improved significantly since the implementation of these measures, andefiakd

nitrate contaminant plumes are slowly heading towards the Ria Forncosatal lagoon (an EU

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

region and increasing concentrations in the southern part of the re@Biigter 2005; Diamantino

20009; Stigter et al. 2011, 2013; Lobo Ferreira et al. 2016)

The observed nitrate concentrations in 2016 at the 91 groundwater quality monitoring points (from
APA official network and MARSOL project) are presentEdjure4. Of these, 65 exceed the threshold
value of 50 mg/(Costa et al. 2020)
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Figure4. Observed nitrate concentrations and piezometric levels from May 2016 according to observation points
from the Environmental Protection Agency and the MARSOL sampling campaigns. From Cq&@2ée) al.

4.1.1.3Risks ofeawater intrusion

Current groundwater extraction is estimated at 6.45 Riyear (APA2020) in the Vale do Lobo sector
(M18), whilst long term recharge is 3.46 Myear. Groundwater from this coastal aquifer has been
used extensiely for irrigation over the last 50 years, for golf, tourism, and agricultural purposes.
Consequently, hydraulic heads are now well below sea level across much of the aquifer as shown in
Figure5 (A), and several boreholes can no longer be used due todhigiide concentrations. Time
series from three boreholes with the longest period of record are shovigiare5 (B), indicating that
KERNIdzZ AO KSIR&E 6SNB | f NBFRe RSOfAyAy3a RdzNAy3
G§KS f I GS highdrdeansbial varfatiok
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Figure5. Hydraulic head contours from sewgorfined aquifer, October 2018 (ASglected hydraulic head time
series at piezometer locations 606/647 (s@woinfined), 610/179 (sentonfined), and 610/180 (phreatic) (B).
From Standen et a(2022)
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Time series measurements of chloride concentrations over time are only available at 4 locations in the
Vale do Lobo sector, with 2 of these exhibiting increasing treAdsonitoring program during
2019/2020 encountered chloride concentrations up to 2,20/ in extraction boreholes, with land
managers reporting that several boreholes are no longer used as their chloride concentrations are too
high for irrigation(Fernandest al. 2020)

4.1.1.4Previous MAR installations

In-channel infiltration basins were developed on the Rio Seco, Algarve region, Portugal, during the EU
funded GABARDINEobo Ferreira& Leitdo 2014)and MARSO(Leitao et al. 2017projects with the

purpose to increase the Campina de Faro aquifer recharge to mitigate historical and current nitrate
concentrations. Three infiltration basins were excavated to a depth of 6 m, to remove a lew per
meability clay layer, before being fillgdA G K Of Sy 3INI @St ad ¢KS Ay FAL (N
not appear to have changed over time and clogging with fine sediments does not appear to be a
significant issu€Oliveira et al. 2015)

However, achieving aquifexcale water resource benefits from these pilot infiltration basins is not

possible. With limited surface area (30F)minfiltration rates of 1 m/d and Rio Seco flows for 60

days/year, only an average of ~18,008/year additional recharge is achieved. However, a larger,
potentially offline infiltration basin, or reusing existing shallow wells for recharge could result in a

much higher proportion fithe Rio Seco flow being captured (1.5 Ryear of the 4.4 Mndlyear annual

I SN} 3S Ft2603 & RSOFAfSR Ay al! w{2fdz¢Qa 5StABSN

Redza Ay3a akKlffz2¢ ¢Stfta o61y26y I a ay2 Nikhameé MARZ NJ NBEOI
The well inventory idicates that there are over 60 noras in M19 alone, and a recharge test reported

in Costa et al(2020)indicated that for a typical construction (4.5 m diameter, 20 m deep, rest water

level 10 m below ground level), a recharge rate of 2,58@ mould beachieved for a rise in ground

water levels of around 8 m. Therefore, 1.5 Fiym recharge could be achieved using only 10 suitable

noras, based on the water availability from the Rio Seco, providing issues such as ownership and
protection from historic / ptential future contamination can be resolved.

4.1.1.50ther MARrelated studies

A recent study identified the potential water available for recharge from intercepting greenhouse roof
runoff and recharging the Campina de Faro aquifgosta et al. 2020pr the purpose of reducing
groundwater nitrate concentrations by dilution. Only the greenhouses that are totally within or
intercept the M18/M19 aquifer limits were considered in thisudy, and their total surface area
accounts for 2.74 ki(in-use greenhouses only). Assuming an annual average rainfall of 570 mm
(Nicolau 2002)a totd rainfall interceptim of 1.63Mm3year was calculated. The study identified
greenhouses located within 150 m of an existing large diameter well (to recharge the aquifer),
concluding that 1.51 M#ifyear of rainwater could be harvested from a total greenhouse surface of
2.21 knt and recharged by existing wells.

Numericalmodeling results show improvement in nitrate concentrations in the study area, in certain
locations decreasing up to 70 mg/l by 2027. However, this MAR option is insufficient on its own to
resolve the groundwate nitrate contamination, predicting a decrease in the number of nitrate
threshold exceedances in observation points, from 33 to 30 by 2027 and 14 to 9 byt et al.
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2020) Despite this, there is a wex resource benefit slightly greater than the estimated annual deficit
for M19 (1.35 Mnj) if this scheme could be implemented at scale.

4.1.2 Site upgrade

New MAR facilities were not developed during MARSoluT, however numaiodalling was carried
out to determine whether MAR could result in an aquieale benefit to the Vale do Lobo sector and
protect the aquifer from SWI. Threodelingis described briefly below and presented fully Standen et
al. (2022.

4.1.21 Modeling rationale

It is clear the current rates of extraction from the Vale do Lobo sector are unsustainable and meeting
the water balance requirement of the WFD will not prevent SWI. MAR has been identified as a
potential mitigation measure. Before committing torther investment in investigating MAR options,
decisionmakers need to understand whether it is likely to prevent SWI in this aquifer. Therefore, a
decisionsupport groundwater model was developed during the MARSoIUT project.

Two types of water are locglavailable for MAR in this area:

1 Ephemeral river flow, highly variable with an average annual flow of 1.2%ydar; and

1 Treated wastewater, from three treatment works in the area: Quinta do Lago (0.76), Vale do
Lobo (0.16) and Faro Noroeste (1.50 Myear).

Recharge is proposed by boreholes into the Miocene, at locations close to the water sources, as shown
in Figure6.
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Valj de Lobo | \\ g \/
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J \

Waste Water Treatment Plan
# Proposed MAR (Waste Water)

* Proposed MAR (Ephemeral Flow)
= Model Boundary
River Network
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I I I I 1
205000 207500 210000 212500 215000

Figure 6. Locations of wastewater treatment plants, and proposed
MAR borehole location§rom Standen et af2022)
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4.1.2.2Groundwatemodeldevelopment

A groundwater model was developed specifically to determine whether these sources of water could
resolve the problem at an aquifer scale, an ambitious, but important @mmaccount for parameter

and structural uncertainty, and allow quantift@@ and reduction of predictive uncertainty, a fast and
stable numerical model was required.

The groundwater model was constructed using MODFLOWG6 (MB6yevin et al. 2017using the

open source Flopy emanment (v.3.3.4)Bakker et al. 2016 he lumped parameter recharge model,
LUMPREMDoherty 2020awas useé to estimate both recharge and groundwater abstraction for
irrigation, based on daily rainfall and potential evapotranspiration. The sea boundary was defined with
a general head boundary, where the head and conductance values were defined by the method by
Hugman& Doherty(2022)accounting for the offshore extent with a complementary model.

Using a constardensity model meant that the prediction was based on hydraulic heads to determine
if MAR could raise hydraulic heads sufficiently at existing abstraction boreholes for them to be
protected from SWI (based on the Ghybderzberg relationship).

For the combied model (LUMPREM + MF6) a solution of minimum error variance (MEV) was sought
using PEST_HPoherty 2020h)employing a highly parameteed approach. A unique solution was
obtained using Tikhonov (preferred value) regularization. This was followed by hisédching and
uncertainty quantification (and reduction) using PESTEHSWhite 2018)

4.1.2.3Modelresults

The resulting MEV parameter set achieved a good fit to measured obssrvati both hydraulic heads
and groundwater extraction. In general, a better fit was obtained for heads in the-gamfined
aguifer compared to the phreatic (as showrFigure7).
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Figure7. Measured and simulated hydraulic heads for 606/647, 606/1026 and 610/179 from
the semiconfined aquifer, and 610/167 from the phreatic aquifelom Standen et a{2022)
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The impact of MAR at the locations denoted Marsl (Ribeira da S&o Lourenc¢o), Marwwl (Quinta do
Lago), Marww?2 (Vale doho) and Marww3 (Faro Noroeste) is showifrigure8, where the ensemble
of predicted heads is plotted against the minimum head required at each location.

100 site: marsl

Head (m asl)

S |

site: marwwl

.........................................................................................................................................................
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Head (m asl)
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Ensemble realisations MEV solution ~ «++-+ Minimum head required = Mean of no MAR ensemble
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Time since start of simulation (days)

Figure 8. Predicted hydraulic heads at MAR locations, showing MEV model results (green), each
ensenble member (grey), mean of ensemble (blue), and the minimum head requirement at that
location (red dashedfrom Standen et a{2022)

At Marsl, the heads are ¢iiily dependent on the variability of ephemeral flow, with large increases
occurring during recharge perioddowever, these are shalived, falling rapidly to levels similar to

the minimum head requirement when additional recharge is not occurring. ftlisaites that MAR is
probably not necessary at this location; a location further downstream would be more beneficial. At
the other MAR locations, the minimum head requirement is only met during limitadst and for
some realisations.

4.1.2.4Modeling conclusions

This case study demonstrates the development of a decsumport groundwater model to assess
the effectiveness of MR to prevent seawater intrusioim a coastal aquifer system, whilst allowing
reduction of prediction uncertainty through datasimilation in dighly parameterized framework.

Evaluating MAR by the ability to achieve minimum heads that prevent the seawater interface
encroaching above the base of the current extraction boreholes is pragmatic. It permits a preliminary,
aquiferwide assessment, and allows regulators and stakeholders to understand the benefits and
limitations of MAR with a simple metric. The results demonstrate that MAR cannot increase the
hydraulic heads sufficiently to attain the minimum heads required, even locHtigrefore, the

proposed MAR schemes cannot prevent the interface from reaching the base of the existing extraction
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boreholes, andSWIthe Vale do Lobo cannot be mitigated by MAR with the locally available water
sources alone.

The minimum headscanbe m&t2 NJ Y2 &0 2 OEGNRPPEARY QI A@FEI NA 2T
deep boreholes close to the eastern boundary. Here heads are not sufficiently high enough to prevent

SW/ indicating that the Vale do Lobo sector cannot be entirely protected 8uWunder this scenario

without concurrent management action in the eastgart of the Campina de Faro.

Thismodédlling, in conjunction with that of Hugma& Doherty(2022) identifies for the first time, the

true scale of the problem in this area, and how difficult il e to resolve. A significant reduction in
extraction will be needed in addition to, or as an alternative to MAR. Hugtrnaaherty(2022)have
shown that extraction rates would need to be reduced at least to 30% of current rates in Vale do Lobo,
possibly even less. Required reduction in extraction would be less in conjunction with MAR.

Predicted climate chage impacts on rainfall indicate that for the RCP4.5 scenario, rainfall is expected
to decrease by 10% in the south of Portugal, with an associated reduction in wet day20$6]1@hich

will lead to associated reductions in rechar@oares et al. 2017River flows in the Mediterranean
region are likely to be even more intermittent in the future due to climate change, with an increasing
number of zero flow eventéSchneider et al. 2013jeducing the availability of water for MAR from
this source. Meanwhile, socieconomic and agriculturalevelopment in the region will result in
increased water demand for irrigatiqistigter et al. 1998; Hugman et al. 201These compounding
factors wil result in higher demand at a time when less water is available. Without action, the aquifer
will face even more severe pressures in the future.

We have demonstrated an approach and associated model to support denisikimg with the data
currently avdlable. Thisnodelling has limitations, but we are still able to state with a relative degree
of confidence that investing in MAR on its own is not going to solve the problem. In conjunction with
Hugmané& Doherty (2022) we have demonstrated that substantial further actions are needed to
protect groundwater quality in the Vale do Lobo sector.

4.1.3 Waterresource options and financial aspects

MAR therefore needs to be considered together with alternative water resource options for the
Campina de Faro aquifer. Potential options are summarisd@aie 1 based on the Regional Water

Efficiency PlagAPA202@ I YR (GKS a!w Ay@SadA3al dA2 PgtionRE8et ONA 6 S|
limited due to the high demah and lack of water sources. Ultimately, directuse of treated

wastewater for irrigation appears to be a more appropriate use of this water source than for MAR at

this stage, given the regulatory framework to support direct reuse. Therefore, the ontgesoof

water for MAR are ephemeral rivers or rainwater harvesting from greenhouse runoff.

In the Campina de Faro, APA estimates that an additional 5.7ydar to be needed just to meet
current demand, but to protect the aquifer in the long term, and enduture climate change,
significantly greater volumes will be needed as mwdeling has shown. This can be compared to
3.4Mmd/year available for MAR in this area from the Rio Seco, Ribeira da S&o Lourenco and green
house runoff. However, by implemeng treated wastewater reuse from Quinta do Lago, Vale do
Lobo, Faro Noroeste and Fatih&o ETARs with consequent reductions in groundwater abstraction,
the deficit could potentially be met.
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9alAYLl (SR dsear)are@lfodpridideddnalieY, from the Water Efficiency Plan, and from

similar MAR schemes developed in Spain. Levelized costs are not available for all, therefore the cost
O2YLI NR&A2Yy A& o0FaSR 2y OFLAGEE O2aida TZWewiKS | @°
The most stiable scheme to base the estimated MAR costs on is that of Los Arenales, which recharges

on average 24 MA&x @ ST NJ F2NJ | OF LA Gt O2ail 3%getr(Ferddndez ae = A
Escalant& San Sebastian Say®021) No costs were available for the greenhouse runoff recharge.

Costs for other measures being considered for the Campina de Faro area were available from the
regional water &iciency plan(APA 2020)It can be seen that MAR could be a more @d8tctive

option than treated watewater reuse and has significantly lower costs than the demand reduction
YSIadaNBa i (GKS 3F2fF O02dzNAESads MKIAEA AR LS INTIM S NIE
measures have already been introduced, therefore making further reductions is difticailt and

expensive. Desalination is also being considered as a regional measure, but costs for desalination are
not yet known. Capital costs are likely to be significantly higher, with significantly higher operational
costs and energy requirements.

Tablel.{ dzY Y NB 27F {dzlJJ & |FyR 5SYI yR hLJ ARefiverabeDMN2)./ | YLA Y |

Name Type Horizon | Water Unit Cost Details

Resource 0 € Rly€éar)

Benefit

(Mméd/year)
MAR at Ribeira da | Supply | Short 0.5 2.19 Limited wateravailability in Ribeira da
S&o Lourenco Sao Lourengo, many years with zero flo

and low resilience of this option to
climate change.

MAR at Rio Seco | Supply | Short 15 2.19 Water availability also limited in Rio Sec
Costs could potentially be reduced by re|
using exisng infrastructure (noras).

MAR greenhouse | Supply | Medium | 1.4 - Assumes that runoff from 50% of all

roof runoff greenhouse roof runoff in M19, M10 and
M11 can be captured and recharged.

Direct reuse Supply | Short 0.76 2.46 Volumesavailable do not include

Quinta do Lago proportion already reused for golf course

ETAR* irrigation.

Direct reuse Vale dq Supply | Short 0.16 2.46 Only small volumes available

Lobo ETAR*

Direct reuse Faro | Supply | Short 1.50 2.46 Relatively small volumavailable, but

Noroeste ETAR* located close to the Vale do Lobo sector

Direct reuse Faro | Supply | Medium | 5.82 2.46 Higher volumes available, but further

Olh&o ETAR* away from Vale do Lobo sector where
water is needed.

Demand reduction | Demand| Medium | 0.39** 4.28 Efficiency savings by reducing irrigated

measures at Golf areas, changing type of grass and plants

Courses and by reducing water demand in tourisi
sector.

FwSdzasS 2F GNBFGSR 61 aidSslGSNI Ay 32t F 02 dzNE Haa tctaliof BeaMmA/year, ivlidR Ay G KS
includes golf courses in the Vale do Lobo sector and others. **Water resource benefit proportioned based on number wisgalf tourist
areas within Campina de Faro compared to totals in Water Efficiency Plan.
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4.2 The Los Arenales MAR sitESpain)

4.2.1 Introduction

It isimportant to notice thata great partof this chapter’s contributions proceed froMARSoIuT's
Early Stage Researcher (EBRE David Henao Casasl Hstutors during the projecs development.

Los Arenales MAR site is located in the region of Castile and Leon, central Fsgaie9], in the
southern reaches of Douro River basin. It comprises three dsecgle MAR systems: Santiuste, El
Carracillo and Pedrajadcazarén. Combined, these systemase 21 infiltration basins, approximately
50 km of infiltration basins, and six artificial wetlands to improve the quality of the rgebawvater
before infiltration.

5.6°W 52°W 4.8°W 4.4°W 4.0°W

10 0 10 20 30 40km Valladolid ¢
P — 41.6°N
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PORTUGAL _ Legend

- 3 Groundwater
monitoring site

@® Major city

[ MAR

B LA

Medina del

Campo (MC)

5| 40.8°N

o
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fio ot i)
....... <

Douro River
- River

Figure9. Location of Los Arenales MAR sites. LA: Los Arenales groundwater badgdit@:del Campo ground
water body; LAA: Los Arenales Aquifer. From Henao Casa$2822ld)

The Los Arenales MAR system aims to reverse groundwater storage decline and provide means for
irrigation. In the second half of tr@20™ century, favourable financial and governmental conditions for
agricultural entrepreneurs led to an unplanned and uncontrolled increase in irrigated agricultural land
that resulted in groundwater abstractions beyond sustainable yields. Groundwater |eslglaleates

of about 1 m/year were observed in several parts of the aqufegure10). To counteract this situa

tion, the national government provided funds for constructing El Carracillo and Santiuste MAR sites
(Figurell). The works started in 1999 amebre finalised in 2002. The first recharge cycle took place

in the hydrological year ZI2/2003. he Pedrajasilcazarén MAR site was built in 2012 because of the
positive results observed in the pioneering MAR sites of Santiuste and El Carracillovaurdbiz
technical conditions.

The study site is part of the Los Arenales Aquifer (LAA), which entails two aquifer systems. One of the
systems comprises shallow and unconfined aquifers in quaternary fine sand dunes and alluvial deposits
with thicknesses rangg between 5 m and 45 m (and commonly around 20 m). The second system is
more profound and includes PaleogeNeogene "sand and gravels from alluvial origin arranged in
lenticular and elongated structures that are embedded in a predominantly silty anelyatagtrix with

varying degrees of permeabilitfHenao Casas et al. 2024&jgurel2). Groundwater flowectors

Deliverable D4.4 26



MARSolur Report on the Performance of Optimal MAR Designs

converge to the Douro Rivefigure 9 and have a predominant northortheast direction. The shallow
system is fed by rainfall, and, to a minor extent, irrigation returns. The deep system is replenished by
natural seping from the shallow system.

Piezometric level (m.a.m.s.l)

© Piezometric level

Figurel0. Groundwater level decline since the 1970s and subsequent recovery thanks
to MAR. The piezometric level observations correspond to Mojados groundwater
monitoring site (site number 3 Figure 9. From Henao Casas et @022d)

Figure1l. Some of the infrastructure of the Los Arenales MAR systems: a) Santiuste infiltration basin during a
recharge cycle; b) relatively small infiltration basin in the area of El Carracillo; c) infiltratiometicannected to

the Santiuste infiltration basin; d) La Laguna del Sefior infiltration basin during a recharge cycle (El Carracillo
area); e) La Laguna del Sefior infiltration basin during a dry cycle; f) large infiltration basin in El Carracillo area.
Thepictures were taken between 2020 and 2022.
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Figure12. SouthNorth hydrogeological section of the Los Arenales aquifer depicting the
upper unconfined aquifer system (quaternary deposits) and the deep system. From Henao
Casas et al2022a)

The stug site features a Mediterranean continental climate with cold, wet winters and dry summers.
Annual precipitation and evapotranspiration between 2002 and 2021 were 441 mm,268 dm,
respectively(Figurel3). The mean maximum temperature is about 19 °@kimg it one of Spain's
coldest regions. The rainy season extends between October and June, and maximum monthly
precipitation is observed in October and M&yigurel3). Interannual variability is relatively high
(Gonzéaletidalgo et al. 2010; Llorente et al. 2018)
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Figurel3. Climatological conditions in the site based on data from Nava de La Asuncion
(SG02) climatological station of the InfoRiego network.
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4.2.2 Yearly recharge volumes and periods

The total MAR volume that the Los Arenales MAR systems have contributed tetive&ibthe hydre
logical years 2002/2003 and 2019/2020 was 93.5°*Mrhe following subsections detail each system's
characteristics and recharge over time.

4.2.2.1El Carracillo
The characteristics of the Carracillo MAR system are the following:

Lengthof infiltration channels: 17 km

Infiltration ponds: 16

1

1

9 Distribution points: 14
1 Artificial wetlands: 3
1

Additional elements: 1 river bank filtration (RBF) system

A scheme showing how the different elements combine can be found in Fernandez Escalante et al.
(2016)and FernandeEscalante& LépezGunn (2021)The characteristics of the water allomaes for
MAR are thdollowing:

1 River water source: Cega River

1 Water allowance perig:
0 1 December 30 April between 2009/2010 and 2012/2013
0 1 January 30 April the rest of the hydrological years

1 Maximum allowed recharge duration:
0 150 days/year between 2009/2010 and 2012/30unless leap years)
0 120 days/year for the rest of the hydrological years (unless leap years)

 Maximum allowed deviation ratel:.37 n8/s.

1 Maximum allowed deviation volume: 14 Matyear.

The regional water authority, the Douro River Basin Agency (CHD), changed the allowance period
between the hydrological years 2009/2010 and 2012/2013. This decision was reverted due to conflicts
with downstream water users, notably hydropower generatdiable 2shows the El Carracillo MAR
system's recharge volumes and diversion days over time and the percentage of the maximum allowed
volume and diversion duration they represent.

In the El Carracillo site, diverted volumes from the Cega River are, ogay&rh Mmi per hydrological

year. Nonetheless, these volumes are variable and can go as high as ¥(20&/2013) and as low

as 0.3 Mm (2014/2015). There were even some years when MAR couldn't be conducted due to low
Cega River flows (2004/2005 and Z(D08). This variability is also reflected in the total days of
recharge, which are, on average, 91.3, but range between 29 and 149.

The percentage of the maximum allowed volume of water that can be diverted and the maximum days
for this diversion show tht the system's capacity is never fully harnessed. On average, only 10% of the
maximum allowed volume is diverted. 50% has been surpassed in a single occasion (2012/2013).
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Concerning the maximum number of days allowed for extracting water from the CegatRay tend
to have a higher average of 56%, indicating that diversion takes place through a good extent of the
allowed days, but volumes are considerably below optimal.

Table2. Diverted water volume and water diversion days from the Cega River tocoédR
in the El Carracillo MAR system. The percentage of diverted volumes to the total maximum
allowed volumes and diversion days to the maximum allowed duration are also presented.

Hydrological Diverted % of maximum Diversion % of the maximum

year volume (Mns) allowed volume duration (days) allowed duration
2002/03 0.5 3.5% 149 124%
2003/04 55 38.7% 149 124%
2004/05 0.0 0.0% 0 0%
2005/06 1.9 13.0% 149 124%
2006/07 21 14.8% 149 124%
2007/08 0.0 0.0% 0 0%
2008/09 1.6 11.3% 149 124%
2009/10 5.6 39.5% 89 59%
2010/11 3.0 21.0% 90 60%
2011/12 1.9 13.5% 60 40%
2012/13 7.2 50.6% 119 79%
2013/14 1.6 11.5% 89 74%
2014/15 0.3 1.8% 27 23%
2015/16 1.6 11.0% 59 49%
2016/17 0.1 0.9% - 0%
2017/18 4.7 33.0% - 0%
2018/19 0.1 0.4% - 0%
2019/20 0.2 1.6% - 0%
Average 2.1 10% 91.3 56%
Total 37.8 1278

*The irrigation community have not provided figures for thstlyearsyet.

4.2.2.2Santiustebasin
The characteristics of the Santiuste MAR system are th@fimg:

1 Lengthof infiltration channels: 27 km
9 Infiltration ponds: 5

9 Artificial wetlands: 3
1

Additional elements: 1 RBF system and 3 rehabilitated recharge wells

A scheme showing how the different elements combine can be found in Ferndndez Escalante et al.
(2016)and FernandeEscalante& LopezGunn (2021)The water allowance characterissi are the
following:

1 River water source: Violya River
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Water allowance period: 1 NovembeB1 April

Maximum allowed recharge duration: 182 days/year (unless leap years)

= =4 =4

Maximum allowed deviation rate: 1 3s.

1 Maximum allowed deviation volume: 8.5 Natyear.

Table 3shows the El Carracillo MARstem's recharge volumes and diversion days over time and the
percentage of the maximum allowed volume and diversion duration they represent.

Table 3. Diverted water volume and water diversion days from the Voltoya River to conduct MAR
in the Santiuste MR system. The percentage of diverted volumes to the total maximum allowed
volumes and diversion days to the maximum allowed duration are also presented.

Hydrological | Santiuste diverted % of maximum Diversion % of the maximum
year volume (Mms3) allowed volume duration (days) allowed duration
2002/03 3.5 41.2% 145 79.7%
2003/04 2.25 26.5% 175 96.2%
2004/05 1.26 14.8% 212 116.5%
2005/06 5.11 60.1% 137 75.3%
2006/07 12.68 149.2% 212 116.5%
2007/08 0.52 6.1% 7 3.8%
2008/09 4.35 51.2% 181 99.5%
2009/10 0.91 10.7% 43 23.6%
2010/11 29 34.1% 68 37.4%
2011/12 0 0.0% 0 0.0%
2012/13 3.48 40.9% 76 41.8%
2013/14 2.03 23.9% 57 31.3%
2014/15 3.58 42.1% 76 41.8%
2015/16 3.43 40.4% 61 33.5%
2016/17 2.44 28.7%
2017/18 4.12 48.5%
2018/19 0 0.0%
2019/20 3.14 36.9%
Average 3.09 36% 103.57 57%
Total 55.7 1450

*The irrigation community have not provided figures for the last years yet

In the Santiuste site, divted volumes from the Voltoyaiver are, on average, 3.09 Mnper
hydrological year. Nonetheless, these volumes are variable and can go as high as 1268 Mm
(2006/2007) and as low as 0.52 M(2007/2008). There were even some years when MAR couldn't
be conducted due to low Voltoyaiver flows (2011/2012 and 2018/20). This variability is also
reflected in the total days of recharge, which are, on average, 103.57, but range between 7 and 212.

Similar to El Carracillo MAR site, the percentage of the maximum allowed volume of water that can be
diverted and the maximundays for this diversion show that the system's capacity not consistently
harnessed. Nonetheless, in Santiuste, dinersion days in terms of the maximum allowed concession
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is near or above 100% in some hydrological years (e.g., 2003/2004, 2004/20052Q098&and in
terms ofmaximum allowed volume36%on averaggis superior to El Carracillo site (1686average

4.2.2.3PedrajasAlcazarén

The characteristics of the Pedrajakcazaré MAR system are the following:

Artificial wetlands: 2

=A =4 =4 =4

Additional elements: 1 RBF system

Length of infiltration channels: 5.5 km

Infiltration ponds: 1 (spreading field)

A scheme showing how the different elements combine can be found in Fernandez Escalante et al.
(2016)and FernandeEscalante& LépezGunn, (2021)The water allowance characteristics are the

following:

9 River water source:

o Pirén River (diversion temporarily banned)

o Treated wastewater effluent from the Pedrajas wastewater treatmpiaint.

0 Urban runoff from the Pedrajas municipality

1 Water allowance period:

0 Yearround treated wastewater, depending @vailability.
0 Yearround Pedrajas runoff, depending upon availabgihd waterquality.

The diversion initially envisaged from the Pifdwver has been temporarily banned until administrative
conflicts are sorted oufTable4 shows the volumes recharged at the Pedrajdsazarén MAR site.

Table4. Treated wastewatevolumes from the Pedrajas de San Esteban wastewater
treatment plant (WWTP) that were recharged in the Pedrdjlzsizarén MAR site.

Hydrological WWTP effluent
year (Mm3)
2011/12 0.002
2012/13 0.100
2013/14 0.048
2014/15 0.048
2015/16 0.071
2016/17 0.102
2017/18 0.095
2018/19 0.001
2019/20 0.002
Average 0.052
Total 0.5

*The irrigation community have not provided

figures for the last years yet
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Due to the nature of the source water, in the Pedrafdsazarén system there is no maximum allowed
volume per hydrological year. Water can be utilised for MAR as it becomes available. The total volumes
of water for MAR are considerably lower comparedhe other systems. On average, the Pedrajas
Alcazarén site has infiltrated around82 Mm? per year Nonetheless, the system has infilteatwater

every year since the beginning of operatioshowng one of the advantages of usingeated
wastewater Thisis a ery important point, thinking of the very high fluctuations of river water.

4.2.3 Impacts on goundwater levels

4.2.3.1Longterm assessment of the impact of the MAR sites on groundwater storage

Henao @sas et al(2022b)evaluated the behaviour of groundwater levels in the Los Arenales aquifer
and the impact of MAR on them. They utilised several statistical tools. They contrasted the behaviour
between the Los Arenales groundwater body (LA) and the Medina del Campo gatentady (MC),

which are part of the same aquifer and share socioeconomic characteristics but differ because only
the former has implemented MR.
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Figurel4. Location of the groundwater monitoring sites and the precipitation stations. From Henao Catas e
(2022b)

The evaluation started with an analysis of the average annual groundwater levels in LA and MC, which
were constructed using groundwater monitoring sites of the CHD and contrasted with precipitation
data from meteorological stations of tH&panish Meteorolgical AgencyAEMETand InfoRiego net

works Figureld). Between 1985 and 2002, there was a decline in the average annual groundwater
level in both groundwater bodies, attesting to the dramatic situation described in the introduction of
this document Figure 15). The Theiben slope during this period was abetit.1 m/year in LA and

0.8 m/year MC. Subsequently, groundwater storage in the groundwater bodies entailed has diverged.
In LA, there is a recovery trend with an average rate of 0.35 m/year; jrildfe seems to be a minor
groundwater level increase (202014), followed by an abrupt decrease. The increasing trend in LA
coincides temporarily with the implementation of MAR systems around 2003.
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Figurel5. Average annual groundwater level in theslArenales (LA) and Medina del Campo (MC) groundwater
bodies, regional annual precipitation and annual managed aquifer recharge (MAR) volumes in LA. From Henao
Casas et al2022b)

Trend analyses were conducted through thkan-Kendall (MK) test, which assesses the statistical
significance of linear trends, and the THeén estimator, which calculates trend slopes. These trend
analyses were performed in three different periods delimited as a function of the groundwater level
sampling frequency and milestones related to MAR: (i) 128®&L, comprising the period of heigh
tened groundwater abstractions and perceived widespread groundwater level decline; (il2R2Q02
which comprises the first MAR cycle in LA (i.e., the hydicéd year 2002/2003); and (iii) 20220,
marked by the inauguration ohe Pedrajasilcazarén MAR site.

In the first period, groundwater level trends in nearly all monitoring sites exhibit significant decreasing
trends, reflecting unregulated groundwateabstractions beyond the sustainability thresholds
(Figurel6 a,b). The subsequent analysis period is characterised by some stability in LA and MC, where
increasing and decreasing trends can be found in nearly equal proportiays €16 c,d). The last

period shows that increasing groundwater levels predominate in LA (75% of statistically significant
trends) Figurel6f,g). The opposite occurs in MC, where decreasing trends are roughly-disaéers

of all significant trendsHigure16 f,g).

The groundwater level analyses included the assessments of trends at the regional level, which aimed
to elucidate whether something can be concluded on the regional scale based on local groundwater
level trend tests. Two approaches were employed, namely, the empiriethod by Douglas et al.
(2000)and the regional Kendalest (Helsel& Frans 2006)which are suitable when the correlation
among groundwater observation sites @®@nsequential and absent, respectively. These analyses
showed exclusively significant results through the regional Kendall test. These results agreed well with
the trend analysis, finding a regional increasing trend in LA and a regional decreasing tddan

the lag analysis period (2012020).
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Figure16. Groundwater level trends in the Los Arenales (LA) and Medina del Campo (MC)
groundwater bodies geographically distributed (a, c, and f) and as the number of statistically
significant trends (b, d). Trends are divided into the three analysis periods: (1)-208%

(a and b); (2) 2002011 (c and d); and 2042020 (f and g). The size of the circles in Figures

a, ¢, and f represent the magnitude of the trend. From Henao Casag2222b)

Groundwater level trend analyses show a temporal and partly spatial correlation between ground
water storage recovery and MAR. However, given the evidence above, other water management
measures related to enhancing water use efficiency orersustainable agricultural practices cannot

be conclusively ruled as responsible for improving groundwater availability in LA. Thus, the authors
decided to evaluate land use, agricultural water use, and measures to increase irrigation efficiency in
the study site. Land use was assessed using two information sources: CORINE land cover (CLC) between
1990 and 2006 and The Spanish Land Occupancy System (SIOSE) between 2005 and 2014. These
systems employ different methodologies to categorise land use. The adopfi three irrigation
technologies (gravity, aspersion, and localised irrigation) in the Spanish provinces comprising LA and
MC (Avila, Segovia and Valladolid) was evaluated based on information from the Crop Area and Yield
Survey (ESYRCE) by the Ministrixgriculture, Fishery and Food. Agricultural water use was explored

by computing the product between the area of different crop types and the average water use
(reported bylnfoRieg9 between heyears 2009 and 2020.

Concerning land use, Henao Casas e(2122b)found that the total agricultural area remained
unchanged between 1990 and 20Zidurel? a,b). They also found that in LA and MC, there was a
considerable increase in irrigated land between 1990 and 2000, which was excdptlughlin the
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latter (Figurel7 a). After 2005, irrigated land expanded notably in Ei§rel7 b). In Castile and Leon,

the region where Los Arenales Aquifer is located, there was a significant uptake of efficient irrigation
technologies such as dripgjrand aspersion systems in contrast to gravity irrigation. Such an uptake
was, however, very limited in the provinces comprising LA and MC, and aspersion irrigation remained
nearly constant and the primary method throughout theriod analysed (2062017).

CORINE Land Cover 1990-2006 SIOSE 2005-2014
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Figurel?. Total agricultural land use and change in irrigated land area in the Los Arenales (LA) and Medina del
Campo (MC) groundwater bodies. From Henao Casas(g0akb)

Analysis of major crop groups shows that cereals predominate in LA and MC. In LA, the second largest
group of crops in terms of irrigated area are vegetables, followed by fodder crops and tubers. In MC,
industrial crops such agigar beet are the second most common crops. Crop groups in both ground
water bodies show inteannual changes. However, the total agricultural water demand for irrigation
remained nearly constant between 2009 and 2@Rigurel8).
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Figure 18. Analysis elated to water use for irrigation in the study area: (a) Crop group distribution and their
corresponding applied irrigation volumes in Los Arenales (LA) and Medina del Campo (MC) groundwater bodies;
(b) total irrigation agricultural water demand in LA aktC between 2009 and 2020. From Henao Casas et al.
(2022b)
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A summary of the evidence related to the different statistical approaches applied, shduiguiel19,
reveals that MAR is likely the water management measure capalebeptdining the recovery ground
water trends in LA.

Groundwater

body Method 1985-2001 2002-2011 2012-2020

| Local GWL trends

| GWL Slopes

| Regional GWL trends
LA | Average regional GWL

| Land use

| Irrigation method

| Agricultural water demand

| Local GWL trends

i GWL Slopes

| Regional GWL trends
MC | Average regional GWL

| Land use

| Irrigation method

I Agricultural water demand

Impact on groundwater storage
Increasing Neutral

Decreasing Not assessed

Figure19. Summary of the methods utilised to assess groundwater levels in the study
region and possible drivers for the observed trends. From Henao Casg2@22kh)

4.2.3.2Assessment of the effect of MAR on groundwater levels to combat drought

Henao Casas et gR022a)explored potential improvements in drought resilience in LA due to MAR.
This study also entailed a comparative approach between LA and-i@€20), where the most
significant difference in water management is the MAR systems in the former groundveatgr Bo
achieve the research objective, several drought indexes were computed and analysed from
groundwater levels at selected monitoring sitésgure20) with continuous data between 2001 and
2020. Also, trend tests were calculated using thi€tibt.

A preliminary analysis of groundwater level behaviour in the study site was carried out. This analysis
revealed that most groundwater levels had visible linear trends, either decreasing or increasing, and
that average annual piezometric levels are correlatednnual precipitatior{Figure21).
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Figure 21. Behaviour of groundwater levels at selected monitoring sites in LA (a) and MC (b) and linear
relationship between annual precipitation and the groundwater level residual resulting by substracting linear
trends from groundwater level time seri€ésom Hena Casas et a(2022a)
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TheStandardised Precipitation IndeSK) indicates whether precipitation is above or below the leng
term awerage. It relies on lengthy precipitation time series and is determined for different rainfall accu
mulation periods, such as monthly, biannual, annual, or rautiual. TheStandardised Groundwater
Level Index§G)is the analogous index of the SPI for groundwater levels. It shows the period in which
piezometric levels are above or below the letegm average. The SGI is nparametric and is
computed for the average groundwater level of different durations, inclgdanonthly, biannual, and
annual. When calculating the SGI for groundwater level time series of the study site, linear trends can
result in a single continuous "drought" followed by "wet periods" or vice versa, which is not intuitively
correct Figure22a,b). To avoid such aartefact, linear trends were removedr{gure22 c,d), resulting

in a higher crossorrelation between the SGI and the average SPI for the region (with an accumulation
period of 24 months, station VAOBigure20) (Figure22 ef).
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Hgure 22. Analysis of the effect of detrending groundwater level time series on standardised groundwater level
indexes (SGIs) in the Los Arenales (LA) and Medina del Campo (MC) groundwater bodies. (a) and (b) show the SGI
without detrending, while (c) an@l) show the same index computed on detrended groundwater level time series.

(e) and {) show the average standardised precipitation index in the area as a reference fordvamge
precipitation.From Henao Casas et 2022a)

The MKtest showed statistically significant linear trends in all monitoring sites investigated. These
trends were equally distributed between increasing aladtlining trends in both groundwater bodies.
However, in LA, increasing trends tend to have higher slopes than decreasing FendeZ3). The
contrary was found in MC, where declining trends had stronger sldpgare23).

The average annual groundtea level in LA recovers since 2001. In MC, the trend is contrary; ground
water levels decreased between 2001 and 20igfre24). Using the average SPI for the region as a
reference Figure24), groundwater levels in LA seem to be less constrained loywkelerage precipi
tation than they do in MCHijgure24).
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Figure23. Box and whisker plots of linear trend slopes in the Los Arenales (LA) and
Medina del Campo (MC) groundwater bodies. From Henao Casa$aizdla)
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Figure24. (a) Evolution of average annual groundwater levels in the Los Arenales (LA) and Medina del Campo
(MC) groundwater bodies based on piezometric levels recorded at groundwater monitoring stafimse20

(b) average standardised precipitation indexI{$#th an accumulation period of 24 months for the study site
based on data from station VAOBigure20). From Henao Casas et £2022a)
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Drought is considered to occur in periods of negative SGI (SGI < 0) where there is at least ene occur
rence of SGI below minus one (SGl)<following the approach by Bloomfief¢dMarchant(2013)and

Brauns et al(2020) The following drought parameters were explored using the SGI computed from
detrended groundwater level time series: "drought frequency, representing the number of droughts
over aperiod (in this case, 2002020); the mean drought duration, which accounts for the average
duration of drought; the mean magnitude, which is the mean accumulation of negative SGI values
during a drought; the maximum drought duration, which correspondsiéolongest drought interval;

and the total drought magnitude, which is the accumulation of negative SGI indexes @reen
interval of time (20042020)"(Henao Casas et al. 2022a)

The parameters show that LA suffers less frequent droughts tharFig@ré25a). However, dry spells
have a higher mean magnitude and duration in the former bddgure25 a). Furthermore, the total
drought duration and maximum drought magnitude in LA between 2001 and 2020 were larger than in
MC Figure25c,d). These results sgegst that, when the effect of MAR is subtracted from groundwater
level time series, LA is more sensitive to drought, which translates as less frequentadvelage
water level events that result, however, in more detriment to subsurface water resources.

The bottom line is that LA suffers more severe drought events when the effect of MAR is subtracted
(i.e., as part of the linear trends of groundwater level time series) and shows a groundwater storage
recovery trend when the influence of the technologyigserved. Consequently, MAR is helping to
adapt to drought in the Los Arenales groundwater body, helping to maintain and even increase
groundwater level despite a lower overall availability of water resources.
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Figure 25. Drought parameters estimateddm detrended SGI series: (a) drought frequency, mean drought
duration, and mean drought magnitude; (b) maximum drought duration; (c) Maximum-coossation and
autocorrelation; and (d) total drought magnitude. LA: Los Arenales groundwater body; MQ@aMietiCampo
groundwater body. From Henao Casas ef{2022a)

Deliverable D4.4 41



MARSolur

Report on the Performance of Optimal MAR Designs

4.2.4 Infiltration rates and clogging

Clogging of the infiltration basins was monitored through two different approaches: (i) by measuring
infiltration rates with double ring infiltrometers more than once at different times over the exact
location during the MARSoIUT project and (ii) by defieing the change in the proportion of the main

grain sizes (sand, silt, and clay) over time for specific sites. Clogging was surveyed at two locations in
the Santiuste (ST) and La Laguna del Sefior (LS) infiltration basins: the vicinity of tree trisgtaend
metres away from tall vegetation. Some results were also utilised in a parallel study concerning
infiltration rates in vegetated area&igure26). A total of eight fieldwork campaigns were carried out
between Nawember 2020 and September 2022.
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Figure 26. Location of the surveyed areas to assess infiltration rate performance: (a) Santiuste infiltration
(ST); (b) La Laguna del Sefior infiltration basin (LS); and (c) geographical location of the infiltration basins.
Goordinates are in the WGS 84 cooumtimreference system (EPGS: 4326).

Steadystate infiltration rates (SSIR) measured with doutitg infiltrometers changed throughout the
project. To assess these variations, we computed pesgathanges relative to the first measure
ment at a giversite and plotted them in whiskers and boxplots. Steathte infiltration rates tended

to increase in both infiltration basins (LS and &igufe27). These patterns could be explained by the
continuous maintenance of the infiltration basins by the irtiga communities, namely, the El
Carracillo and Santiuste irrigation communities. Furthermore, the MAR system spillways preclude fine
sediment mobilisation, and theosirce water is of good quality.
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Figure 27. Percenage changes in steady state infiltrath (SSIR) rate relative to the
reference SSIR, which in all cases corresponds to the first SSIR measured at a given site.

The analysis of fine sediment proportion tells a similar story for the Santiuste site. Clay and silt have
decreased over time, likgldue to continuous maintenance by the Santiuste irrigation community
(Figure28). In La Laguna del Sefior, there seems to be an increase in the proportionFigsiie28).
However, such an increase has no significant effect on infiltration retiga 27).
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Figure28. Percenage changes of silt and clay relative to the reference values, which in
all cases corresponds to the firs grain size distribution measured at a given site.

Tables 13and 14 of the annexes provide more detailed information the sites where SSIR and grain
size distribution werevaluated to assess clogging.
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4.2.5 Site upgrade

The Los Arenales MAR systems were upgraded withitennterventions to monitor various para
meters of large infiltration basins. A conceptual upgradeswalso developed consisting of a standard
for data integration that is expected to be applied to the system's data managemeheindming
years.

4.2 .51 Onsite interventions

Some works were conducted in Los Arenales MAR sites to improve monitorirgjtaratharacteri
sation. The works were primarily concerned with constructing piezometers and maintenance in the
Santiuste infiltration basin, La Laguna del Sefior infiltration basin, and stations controlling unsaturated
conditions in the icinity (ZNS1, ZRSand ZNS3).

A total of six piezometers were built. Two of them were located within the La Laguna del Sefor
infiltration basin (LSR and L3@ble5), in El Carracillo, two more within the Santiuste infiltration basin
(STR and STC3ble §, and a fifth &the nearby ZNS 1 station (ZNSI&le 5. A sixth piezometer was
excavated a few metres away from ZNS3 (ZNE¥38Ble 5. These vertical structures aim to monitor
groundwater levels and allow for performing slug tests to determine water infiltratiorsragdow the
ground surface. The piezometer located at ZNS 1 (i.e., ZNS1R) was also equipped with a permanent
level logger to monitor groundwater levels and the wetting bulb close to the Santiuste infiltration basin
(Table §. Moreover, the piezometer waslgred as part of an arrangement that allows calculating
horizontal hydraulic conductivities as the travel time of the wetting front between ZNS1R and ZNS1.
Unfortunately, the cables connecting the level logger to a data logger in ZNS1 were damaged in the
middle of the project and requiréixing (Figure29).

-25 4

Water table depth (m)

35

Figure29. Groundwater table depth measured in the piezometer close to ZNS 1 (unsaturated zone
station) showing the increase in groundwater levels due to MAR. Hydrological year 2020/2021.

Two typesof piezometers were built. In the first one, a piezometer screen allowed water circulation in

both directions (LSR, STR, ZNS1R, and ZNS3R). The screen was made by slotting the lower end of the
PVC tube and covering the intervened region with a fabric pn@vents particle mobilisatiorFgure

304a,b). The second design did not involve any screen (LSC and STC). A pair of slotteeskaticdiot
piezometers were built inside each infiltration basin (LSC and LSR in La Laguna del Sefior and STC and
STR in Santste) that facilitates comparing approachesdetermine infiltration ratesMaintenance
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of infiltration sites was also carried out. The small basin adjacent to the ZNS3 was diégmesB0 c).
The deep soil moisture sensors in ZNS1 and ZNS2 werea@gplith new sensors since the previous
devices provided flawed da{@able §.

Table5. Information of the piezometers constructed during the second half of 2020. Coordinates in UTM format
zone 30 with WG8&4 ellipsoid. ZNS: Unsaturatedng Station.

Code | X Y Diameter Is the well Depth Location
(cm) slotted? (m)

LSC 392040 4571766 | 5.1 No 2.68 Laguna del Sefior infiltration
basin

LSR 392031 4571748 | 5.1 Yes 25 Laguna del Sefior infiltration
basin

STR 359916 4557408 | 5.1 Yes 2.9 Santiuste infiltration basin

STC 359897 4557421 | 5.1 No 2.93 Santiuste infiltration basin

ZNS1R| 369694 4557512 | 5.1 Yes - Closeto ZNS 1

ZNS3R| 391876 4571293 | 5.1 Yes 2.93 Close to ZNS 3

Figure30. Fieldwork conducted in
the study site to construct the
monitoring piezometers and main
tain infiltration infrastructure: a)

slotted pipe with filtering fabric
installed in one of the infiltration
basins; b) Installation of the
slotted pipe in La Laguna ldgefior

infiltration basin; and c¢) Main

tenance of a small infiltration pond
next to station the ZNS.
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Table6. Devices installed in the study area during the second half of 2020.

Device Measured parameters Location

PICO64 Humidity, temperature and ZNS 1 at 2.15 m depth
electrical conductivity

PICO64 Humidity, temperature and ZNS 2 at 2.15 depth

electrical conductivity

Hydros 21 Water level, temperature, ang Piezometer at ZNS1
electrical conductivity

Three methods to interpret the result of theug tests were tested: (i) Bouwer & Rice, (ii) Hvorslev,
and (iii) CoopeBredehoeftPapadopoulos. The first two methods were employed to estimate infiltra
tion rates below the ground surface at nearly 3 m depth. The third method (i.e., C&vpdehoeft
Papadopulus) estimates transmissivity. To this end, the software Slugin 1.0 wa®adéid Benitez

et al. 2002) The only method that provided reasonable values of infiltration rates was Bouwer & Rice.
Hvorslev resulted in ey cases in negative infiltration rates. Furthermore, infiltration rates were very
high after piezometer construction and declined, except for STC. The overall declining behaviour is
likely a consequence of soil compaction. Piezometer clogging cannotnotusively ruled out. An
interesting pattern observed in the infiltration rates using Bouwer and Rice is an increase in infiltration
rates before and during NovembéFigure31). Slug tests from ZNS1R are not included since the
connection between the datdogger and the level logger stopped working and couldn't be re
established.

12 1

10 A

Hydraulic conductivity (m/day)

ZNS3 LSR LsC STR STC

Figure31. Evolution over time of infiltration rates computed through the Bouwer & Rice
method for piezometers built in Los Arenales Mar site during the MARSoIUT project.

4.2.5.2Conceptual solutions to improve monitoring

Four solutions to increase interoperability around MAR systems have been developed in TRAGSA.
These solutions are being tested in the Los Arenales MAR sites and will likely be implemented in this
scheme son. A short article on this topic has been published by Henao Casag2022c)
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The state of the art in MAR monitoring systems veasluatedto identify the most urgent needs in

this realm of researchThis evaluation was conducted through a survey among MARSoIUT consortium
partners who were studying or operating schemes involving MAR. The survey consisted of the
following questions/requests:

1. Alist of the sensors that the partner institution currently uses for its Mé&l&ed projects.

2. Information on how the sensor data is collected and if a software tool is used to integrate the
measurements from different devices

3. Files with the data recordkin dataloggers.
4. A brief description of the MAR project involved

Allten MARSoIUT beneficiary institutions responded to the survey, which revealed the following four
aspects that could be improved towards better interoperability: i) there is a lackrsenisus on MAR
terminology(what is considered an important topic by most of the consortiuip)nonitoring data is
registered by data loggers that retrieve data in different formats and often require the use of
manufacturer's software; iii) there are hetandardised software tools to deal with the information
generated at a site; and iv) there are not conceptual solutions to interconnect the information from
various MAR systems. Four conceptual solutions have been developed as a response to these gaps
(Figure32): (i) a common language for MAR, i.e., an ontology; (ii) a standard to store data logger
information; (iii) a standard for developirgupervisory Control and Data Acquisiti@CADAtype

tools; and (iv) a standard for integrating the operatiardanonitoring of different MAR systems.

Standard to store data A standard for A standard for
logger information environmental and MAR interoperability and
monitoring management in MAR
and environmental
monitoring
A proposal of a Software tools for A standard supporting
datasheet to store monitoring using seamless
environmental common language and communication and
monitoring data operations to describe integration of several
recorded by data and navigate software tools and their
loggers. This standard observations, set and data in the MAR and
can ease data exchange receive alarms, and environmental
and handling manipulate actuators monitoring realm. This
standard can ease
management
_/ A /

|—

nteroperability

Figure32. Proposed steps to improve interoperability in managed aquifer recharge (MAR) system: i) a MAR onto
logy, ii) a standard to store data logger information; iii) a standard for MAR and environnmeoitdtioring; iv) a
standard for interoperability and management of various MAR schemes.
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In addition to identifying needs concerning monitoring, interesting information was derived from the
responses received. For example, it was found that the most usexldf/gensor are level loggers,
followed by temperature sensorgigure33) and that the most measured properti@sonitored are
temperature, electrical conductivity, water level, capillary pressure and volumetric water content
Furthermore, most of the meased properties are part of the hydrosphere (76% of the sensors) and
the pedosphere (19), while the parameters measured in the atmosphere (5%) and the lithosphere (0%)
have less relevancelhe origin of the sensors was also determined, with up to 28 difter
manufacturers, and that only one of the ten MARSoIuT's beneficiary institutions has implemented a
SCADA to integrate monitoring data.

Soil moisture

sensor ~ Tensiometer Redox orobe  Meteorological Conductivity
Dk ioggar 9% 8% 69: aatlon sensor
10% 1% 1%
_pH meter Spectrometer

5% P 1%
P i Multiprobe
ressure S , 2%
sensor :
11% A Other
t 6%
Baro logger
Level logger 1% ;
Water 229% Ralnzg,:uge
temperature
sensor

21%

Figure33. Proportion of the sensors utilised within the MARSoluT consortium.

The first element is an ontology fMAR, which defines the terms referring to the different techniques
that involve this technologyHgure34). This ontology shows the interrelationship among terms and
includes their definition, contextualisation, and a list of synonyms in the literature.cohéex
tualisation aims to clarify the criteria used to group some MAR types within a given denominatio
give context to the term definition. This contribution provides a common language in which other
proposals to improve interoperability can be framé&agure33). Furthermorejt eases communication

on MAR.

The following solutior{Figure35) is a fornat to storeoutput data from different data loggers. It is
based on studying data logger output files from the consortium sensors. It provides a standardised
structure to present information and metadata about the observed properties, the sensor, and the
organisation responsible for the sensor, among others. This proposal can facilitate the exchange of
"raw" information clearly and easily. Furthermore, it is a starting point towards a consensual and
robust standard that can be reached by involvingnufactuers and practitioners.
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Figure34. Main branch of the ontology showing MAR technique terms.

SERIES METADATA

Start date and time: [RecordStart]
End date and time: [RecordEnd]
Total observations:
[TotalObservations]

Sampling Interval: [Samplinglntervel]
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Figure35. Section of the standard format to store data logger observations and metadata.

The third solutionis astandard for developing SCAke tools, which is mainly based on the MEGA
standard created by Tragsa and Open Geospatial Consortium (OCG) standards for Sensor Observation
Services (SOS) and Sensor Alert Services (SAS). The developed standard h8©& sgboksses that

allow obtaining information about the software tool used (GetCapabilities), the sensors that are
registered (DescribeEntity), and the data they have generated (GetObservation). The standard also has
processes that allow the software tbto be fed with data, such as registering sensors (RegisterEntity)

and inserting the data produced (InsertObservation). Regarding SAS processes, the system allows the
publication of sensors (Advertise) and the subscription to specific sensors to relestsg @ubscribe).

The standard also considers the renewal of sensors before they expire (RenewAdvertisement), and
subscriptions to the respective alerts (RenewSubscription), as well as their cancellation
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(CancelSubscription and CancelAdvertisemerable7 summarises the main processes included in
the standard and the type of service they are part of.

Table7. List of the processes included in the draft standard for MAR and environmental monitoring.

Process Service
GetCapabilities SOS & SAS
DescribeEntity SOS & SAS
GetObservation SOS
RegisterEntity SOSs
InsertObservation SOS
GetResult SOS
DescribeAlert SAS
Subscribe SAS
RenewSubscription SAS
CancelSubscription SAS
Advertise SAS
RenewAdvertisement SAS
CancelAdvertisement SAS

MAR systems could be integrated into information management systems, e.g., by water authorities or
companies, allowing different schemes to be automatically compared by means of benchmarking
methodologies. To this end, a standard has been generated thaitadhe architecture and some of

the elements developed in the UNE 318602021 standard led byhe Ministry of Agriculture,
Fisheries and FoodMAPA and TRAGSA for interoperability in irrigation systems. This standard
incorporates the same processesths standard for developing SCADAe tools. MAR systems that

do not use the latter standard, but are controlled by tools based on OGC standards, could be easily
incorporated into the interoperable system due to the equivalence between the processée of t
standard and those proposed here. The integrationongMAR systems and information manage
ment systems is intended to be achieved through a coordination brélgu e36).

Service layer

I
I
Coordination layer :

Management interface ‘ Subsystem interface \
T

Management
information > Subsystem
system

Coordination
bréker

Management
information Subsystem
system

Figure 36. Proposed architecture to generate interoperable systems in MARtenénvironment.
Based on the UNE 318082021 standard.
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4.2.6 Financial aspects

Henao Casas et §2022d)evaluated the potential extra cost, @@missions and energy consumption

if MAR was never implemented in the Los Arenales groundwater body. The following is the description
of the methodology employed and the results described by Henao Casag202#d)(pleasenactice

that the external references have been omitted, and any interested reader should consult the original

paper)

"We estimate the hypothetical extra cost and £#nissions caused byaundwater pumping in the
LAGBI(os Arenales groundwater bady MAR vas not implemented. We decrease the groundwater
levels in each of the wells in the 2021 groundwater abstraction database by 27.4 m, assuming that the
decrease observed between 1985 and 2001 (i.e., 1.37 m'yeantinued in the period 2062021.
Subsequetly, we estimate the abstraction cost and energy consumption using an average ground
water pumping efficiency focrop irrigation in Spain (56%Jo0 estimate C£Qemissions, we employ
equivalent C@emission factors. The computed emissions are increasédty, corresponding to the
percentage of illegal abstractions in the LAGB concerning legal groundwater rights

We considered two scenarios to estimate energy cost ande@ssions. In one of them, 100% of the
energy is produced by different energy souries., energy mix) and delivered by the Spanish electrical
grid. In the other scenario, 100% of the energy is generated through diesel. We obtained the average
cost of pumping groundwater through the energy mix (EUR 0.0008tht) and diesel (EUR 0.00168

m*3 m?) in Castile and Leqrirom the Castile and Leon Institute of Agricultural Technology (ITACYL).
We selected C£emission factors for diesel and the energy mix of @ad 0.25 respectively.”

If MAR was not implemented, groundwater pumping worddult in about 22% higher energy con
sumption (52.2 GW without MAR vs. 41.8 GWwith MAR) Figure37 a), farmers would have to
spend 16% more economic resources to pump the same water volume either through diesel or the
energy mix Figure37 b), and C@emissions would be 22% higher regardless of the energy source
(Figure37 c). Approximately 70% of the energy consumed in the Spanish irrigation sector comes from
the electrical grid. Thus, the total pumping energy cost and €xissions values are closer to the
energy mix scenario.

60 20 =
= (a) 522 18 (b) 17.7 \u)/ 25:000 (C)
; C — = 20,218
z 50 16 15.0 2 50,000 . 18,973
= 418 2 16,183
5 40 @ 14 E ) 15,187
= Z 12 & 15,000
E 30 3 10 8.5 o
2 o 3 7.3 2 10,000
g 20 6 S
> =
5 10 4 5 5000
c 2 L
w

0 0 0

Diesel Energy mix Diesel energy mix

|:| With MAR |:| Without MAR

Figure37. "Groundwater pumping energy consumption, cost, and equivaleae@sions in the Los Arenales
groundwater body (LAGB) in 2021 for the actual scenario, i.e., with managed aquifer recharge (MAR), and a
hypothetical situation without MAR: (a) pumping energy consumption, (b) cost of pumping, and (c) equivalent
CQ emissims generated by groundwater pumping.” From Henao Casas @022d)
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Previous studies by Feindez Escalante et.a(2016)pointed out that gravity conveys water to the

MAR systems, resulting in additional energy savings by avoiding surface water pumping. The same
study also found that an increase of 2.3 m in groundwageels in El Carracillo saved-3@% in
groundwater pumping emgy, cut C@emissions by about 11 tonnes, and reduced farshenergy

bills by EUR,B00per year.

4.2.7 Other aspects

Irrigation communities arseriousto the proper functioning and success of the Los Arenales MAR sites.
Henao Casas et §2022d)have summarised the role of these user organisations in a publication that
is part d the MARSoIuT ITN as follows:

"One of the major challenges Spain faces concerning groundwater managementdstta of illegal
abstractions Since the Spanish Water Act of 1985 (Law 29/1985), wetetbeen considered a public
good in Spain. The transition from private ownership to Weter allowance model has overflowed
the ability of water management authorities trant water rights and mdtor their compliance,
resulting in weak territorial control andn ambience that favours unauthorised groundwater extrac
tion. We discuss thbenefits of ICsiffigation communitieson groundwater govarance and security

in the LAGBLs Arenales grounder body) and their vital role in decreasing unregulated ground
water consumption. The improvements in water governance discussed are based on workshops con
ducted with decision agents during the DHNBAR and MARSOL projecBernamlez Escalante&
LopezGunn, 2021) For the sake of contrast, we also draw elements from workshops conducted in
MCGHBMedina del Campo groundwater bodyvhere an IC has been recently stablished

Following the Spanish Water Act of 1985 (updated in 2001 through the Royal De26fd 1f 20

July), users' organisations must be formed to establish direct communication and cooperation
between regional water authorities and water users under three scenarios: (i) when users benefit from
the same water intake or concession (art 81.1)when an aquifer has been declared oceaploited,

or a groundwater body might fail to meet the objectives of the Water Framework Directive; and (iii)
for the authorisation of any largecale river water diversion for artificial recharge.

Users' organig#ons are called irrigation communities (ICs) when irrigation is the end use of water
allowances and groundwater user communities when nearly 100% of the water granted is extracted
from the subsurface. In the LAGB, users' organisations correspond to toothdyvater user commu

nities and irrigation communities. For reasons of tradition, farmers have chosen to set up "irrigation
communities” in the study site. Three ICs have been established in the LAGB: the El Carracillo Irrigation
Community, the Cubeta d8antiuste Irrigation Community (formally the Cubeta de Santiuste de San
Juan Bautista, Villagonzalo de Coca, Ciruelos de Coca, and Villeguillo irrigation community), and the
Alcazaén Association of Commoners, which gather 713, 440, and 190 famaspgctivelyFernamez
Escalant& LépezGunn, 2021)

Every year, the CHD assesses the water volume conveyed from the river source to the MAR systems
and accordingly grants water rights to the ICs. The ICs set rules to distribute these water rights and
report to the water authority on water use. This process occurs predominantly via meetings between
the CHD and representatives of the IC and between these representatives and the IC members. Concer
ning finances, the MAR systems in the LAGB were fundedebyational government. However, the

ICs benefiting from MAR have the legal obligation to operate and maintain the infrastructure for 35

Deliverable D4.4 52



MARSolur Report on the Performance of Optimal MAR Designs

years. IC members pay annual fees to meet these legal obligations and administrative costs. This ground
water allocationscheme constitutes a emanaged institutional arrangement where the state and

users share responsibilities. For the particular case of the LAGB, which involves MAR, this scheme has
also been called Glanaged Aquifer Recharge (BAR)(FerndndezEscalant& LopezGunn, 2021)

The ICs improve groundwater governance and water security due to the transparency in the water
allocation process, the active information exchange among decision agents, and the shift in farmers'
mind-set from individual to collectivaaction. Moreover, legally binding ICs to the conservation and
performance of MAR infrastructure is crucial for successfulynanaging water resources. We
illustrate these dynamics through a simple process diagram based on stakeholder workshops
conductedin Los Arenales and Medina del Campo groundwater bodies during the-NINRA
MARSOL, and NAIAD projecisg(re 38 a andc). We also show the situation when ICs are not
conformed Figure38 b and d), following the agertbased/system dynamic model built to assess the
implementation of naturebased solutions in MCGB.

ICs create a platform for assessing and distributing water rights, increasing transparency in the process,
and building an environment @fust (Figure38a). They also ease the bidirectional exchange of infor
mation between the water authority and farmers for better decisimaking based on factual data.
Under such circumstances, farmers are more likely to abide by the water rights assigoedrate,

and perceive that the CHD has a more robust territorial control, which deters illegal groundwater
abstractions Figure 38 a). On the contrary, without ICs, water users see the traditionaldop/n
approach to granting water rights as unfairdanot entirely transparent, resulting in a lack of trust in

the water authority and the notion that its territorial control is wedkigure38 b). This ambience
promotes individual behaviour, less acceptance of water rights, and ultimately, groundwaterafve
(Figure38b)e @

ICs play the additional role of enabling interaction among farmers and increasing their social capital
(Figure 38 ¢). Since farmers in the area tend to adopt the predominant cropping behaviour they
observe in their communities, thegan find innovation and technical support in the ICs to cope with
adverse conditions, such as low water availability or unfavourable market pfogsré 38 ¢). In
contrast, farmers with low social capital act as isolated agents and have less chadiseaweer
strategies to grapple with market and environmental difficulties. The lack of innovation sometimes
eguals maintaining cropping patterns that are not sustainable, which can have an adverse impact on
groundwater resources and the environmefigure38d).

ICs are an instrument to solve conflicts among farmers and exchange points of view with actors that
advocate for a different and sometimes opposite use of water resources, such as environmental
protection organisations and downstream water usergy(efishermen and hydropower producers).

ICs also give voice to members of society not directly involved in water use, which can deliver valuable
contributions. These agents, collectively designated by &elez Escalante® LopezGunn 2021,as
"stakehomes", include the local population, NGOs, researchers, and academia. ICs can also collectively
negotiate optimal energy supply contracts, decreasing the cost of irrigation. They can ease the
penetration of new farming and irrigation technologies that inceyield and water use efficiency

and control (e.g., correct sizing of pumps, guidance on the installation of well flow meters, and the
optimisation of irrigation systems). Some ICs are helping to improve groundwater quality by adopting
internal rules angupervision mechanisms to reduce agieemical inputs in their plots.
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Figure38. Interaction between farmers and the water authority and the ensuing impacts at various levels when
irrigation communities (ICs) are implemented (a) and when they are la@Rintnteraction among farmers and

the subsequent effects at different levels with access to ICs (c) and witheatcttess (d). GW: groundwater.
From Henao Casas et €2022d)

However, members of the ICs are occasionally unsatisfied with their representatives in the governance
scheme. In most cases, this situation has been solved by designating a delegate with a technical
background (e.g.,raindependent agricultural engineer) and no conflict of interest that stands for the
collective benefit. Furthermore, some farmers consider the distribution of water rights unfair because
everyone pays similar fees but doast receive proportional waterlbbwances. This issue compounds
when groundwater users not involved in the ICs benefit from increasing groundwater levels and
storage due to MAR. Problems pertaining to the distribution of water and fair IC fees might be-circum
vented by considering furthretechnical aspects during the water allocation process. Concerning CC,
ICs have also contributed to building adaptive capacity because they constitute an interlocution
instrument that can be used to disseminate CC information and implement adaptatiomisigetion
strategies at the farmer level, such as, for instance, programs for carbon sequestration in soils through
agriailtural conservation practices.

4.3 Suvereto MARIite (Italy)

4.3.1 Introduction

It is worth tomention that most of this chaptes' @ntributions proceed fronMARSoluT's Early Stage
Researcher (ESR3¥teban Caligarand histutor during the projects development.

The study site is located in the municipality of Suvereto (Tuscany, Italy) in the alluvial plain of the Cornia
River Figure39). The Cornia plain hosts a Holocene coastal aquifer constituted by alluvial and-swamp
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lagoon deposits. The deposits, largely influenced by the Cornia River dynamics, include gravel, sand,
silt, and clay in different proportions and distributiorfhe stratigraphy of the aquifer under investi

gation is well presented by Barazzuoli et (@999) New drillings performed in the context of the
MARSIUT project confirmed the previous hypotheses and w(@aligaris et al. 2022 large pre

portion of the aquifer is composed a gravel lithology in a sikyandy matrix, possessing a prevalent
permeability by interstitial porosity. This layer outcrops the surface or is covered by a layer ofsilt as
result of fluvial overflows. The aquifer is unconfined in the area of the irtffdtndbasin. Large surface
water/groundwater exchanges occur between ttimer Cornia and the aquifer.

The lower Cornia valley aquifer system provides the only source tef fiax drinking, irrigation, and
industrial purposes and it also contributes to the water needs of the nearbyidt#ral Since 60 years,
intensive exploitation of groundwater resulted in consistent head lowering and water balance deficit,
causing subsihce, reduction of groundwater dependent ecosystems, and salinization of freshwater
resources. Rebalancing the water budget of the hydrologic system was the main objective of the LIFE
REWAT project (sustainable WATer management in the lower Cornia Veilegh demand REduc

tion, aquifer Recharge and river REstoratiotips://www.liferewat.eu/). Here, five demonstration
measures (river restoration; Managed Aquifer Recharge; reuse of treated wastewater foramjgati
high irrigation efficiency scheme; and leakage management in water distribution systems) were set in
place for promoting water resource management, along with capacity building and participatory
actions.

Figure39. Study area location and measured points. Taken from Caligaris(20aR)
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Caligaris et al2022 presents the stratigraphies at points REW_10tkie centre of the infiltration
basin), REW_12 and REW_6 (north of the infiltration bg§iiglure 39). A relatively thin layer of
agricultural soil covers an alternate layer of gravel with different size distributions in a silty matrix in
the vicinity ofthe infiltration basin up to about 15 m from the soil surface. Some thin gravel lenses in
a clayey matrix can also be found at different depths. As such, the experimental area shows up to a
depth of about 15 m from the soil surface, the presence of agh@deminated environment in a matrix
variable from silt to sand.

The CorniaRiveris the main hydrologic feature in the area. The high hydraulic conductivity of the
riverbed provides high hydraulic connectivity between the surface water and the aquifer. Thisenhan
ces surface and groundwater exchanges in the areas near the river. Heaggoundwater heads are
controlled by the river's water level and, locally, by pumping wells. Because of this, values of electrical
conductivity in the aquifer slightly differ from those of surface water. As such, the parameter electrical
conductivitycannot be easily used to trace the recharged water. The main groundwater natural flow
is directed towards the West, resulting from river recharge and inflows from adjoining hilly areas, with
an average hydraulic gradient of 0.2%aligariset al. 2022 (Figures 40and 41). From the regional
hydrology point of view, the area is a recharge area.
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Figure40. Stratigraphy of three piezometers near the infiltra
tion basin. Information obtained from the analysis of the soll
4 [ Mix of sands and sits cores during the construction of these piezometers. Taken
from Caligaris et a2022)

20 Gravels in clayey matrix

22

Deliverable D4.4 56



MARSolur Report on the Performance of Optimal MAR Designs

Pre-MAR (November 2019)
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Figure41. Groundwater temperature distribution in the aquifer before MAR operations started. Data
taken from 25 to 27 November 2019. Taken from Caligaris €2G222)

The LIFE REWAT Managed Aquifer Recharge scheme ist@adwadnfiltration basin using harvested
rainwater from the Cornia River during hifbw periods. The design tested for the first time the Italian
regulation on artificial recharge of aquifers (DM 100/2016). The scheme consists of diversion
infrastructure and two basins: a settling pond and the infiltration ba€ialiariset al. 2022 (Figure

42). Surface water is firstly diverted from the Corméaverinto the decantation pond, where the
suspended solids are deposited. The river, having intermittent flow, provides the recharge water
during high flow periods, including floods, and when discharge is above the minimum ecological flow.
Afterwards, the wate enters the infiltration pond. The infiltration pond was constructed in a topo
graphic low, where the soil (sandy/silty gravels) provides a full hydraulic connection with the phreatic
aquifer.

The facility consists of the following elements: i) intake wamkhe River Cornia; ii) the inlet structure
control system, managed by quality (mass spectrometer defining surface water spectral signature) and
level probes, and allowing pumping into the facility at predefined head and chemical quality
thresholds; iiija sedimentation basin; iv) the infiltration area (less than 1 ha large); v) the operational
monitoring system, based on a network of piezometers where both continuous data (head, T, EC, DO)
are gathered and discrete measurements/sampling performed.

The MAR scheme is operated using atéh highfrequency, automated and remotely controlled
system, and quaskaktime water quantity and quality monitoring are run. This system is supported
by the data gathered from different sensors installed in the areepnding different parameters into

a database with a frequency of fifteen minutes.
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Figure42. LIFE REWAT Managed Aquifer Recharge
scheme. Taken from Caligaris et(@D22)

4.3.2 Yearly recharge volumes

The MAR scheme has been operating for three full years, from roughly Decemberdameidn these
three years, the yearly recharge volume is estimated to be 500,00@ar. The lastecharge season
(2021/22) was affected by a relevant drougtthe estimated recharge volume was of about 180,000
m3/year.

4.3.3 Groundwater level behaviour

Within a radius of about 250 m from the MAR scheme, the groundwater level rises by about 1 m when
recharge is in steadstate conditions.

4.3.4 Water quality evolution

The MAR scheme is seated in an area whose main hydrochemical characteristics are related to the
presence of Calcium and Carbonate as main ions. The site is also geogenically richam@éirsenic
(Pennisi et al. 2009Recharge with surface water poor in Arsenic and Boron improved groundwater
quality in the recharge area, lowering monitored Arsenic and Boron concentrations.
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4.3.5 Infiltration rates and clogging

Even thaugh a clogging crust is detected at the bottom of the basin at the end of each recharge season,
the MAR site maintained high stable infiltration rates over the past four years of operations.

Given the low suspended solids in the recharge water, the lawect of clays, and the presence of
gravels and vegetation at the banks, the Suvereto MAR infiltration basin has proved to be an excellent
example of MAR design.

4.3.6 Site upgrade

At the end of 2022, the Consorzio di Bonifica 5 Toscana Costa refendsito enlarge the MAR
scheme. Waterworks started in December 2022 and will be completed in February(R26a&:43).
The new configuration will allow maximumyearly recharge volume of more than 2 Mm

Figure43. New area for recharge at the LIFE\RAT MAR scheme.

4.3.7 Financial aspects

A preliminary project and an executive report were prepared and discussed with the relevant
authorities, following oneyear long monthly monitoring of surfacand groundwater. The project was

supported by a groundwater flonmodelingbased approach usinghe FREEWAT platform
(http://www.freewat.eu/). Minimal site development and modification was required, resulting in-a no

impact waterwork, while providing ecosystem benefits by reconnecting and inundating former aban

doned riverbeds. Roughly, the construction costs (including waterworks and the monitoring system)
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4.4 The Pwales Valley MAgte (Malta)

4.4.1 Introduction

It isworth to mention that most of this chapter's contributions proceed from MARSoIuT's Early Stage
Researcher (ESRjancesco Demichednd Hstutor during the project’s development.

Malta, situated in the central Mediterranean, has a typical Mediterranelimate with an average
rainfall of circa 530nm, of which 85% occurs from October to March. Mean monthly temperatures
range from 12 to 26C, and the islands can be very windy and sunny.

The Pwales Valley MAR site is located along the northern pMalté close to Xemxija and St. Paul's
Bay, with an underlying aquifer covering an area of 2.8, l&ks one of the most fertile valleys in the
Northern Malta region, Pwales is characterised by intensive agricultural activity, mainly maintained
through utilisng the site's groundwater body. Due to its high demand, the site's groundwater body
faces quantity and quality issues; seawater intrusion is an important issue due to the high abstraction
rates through agricultural wells dispersed in the valley. Anotbsue is the small area overlying this
groundwater body which is also related to the intense fertiliser use. In addition to thiseocimmic
aspect, a Natura 2000 coastal saltmarsh is located on the eastern side, serving as an important stop
over for migatory avifauna.

This MAR type, which shall be applying direct recharge, aims to improve the groundwater body's quali
tative and quantitative status. Highly polished reclaimed water (knowdexg Wate) from a sewage
treatment plant in the Northern regiowill be utilised to inject the aquifer through multiple newly
drilled wells. Privatevellsshall be used for abstraction purposes. Newly drilled wells shall also serve
as groundwater monitoring stations for pre and post implementation of MAR infrastruoivmeks,
ensuring monitoring of the MAR scheme effects on both the tatdle and quantitative status.

Figure44 below (Lotti et al. 2021Yescribes the Pwales aquifer as located between the Wardija and
the Bajda Ridge, with its base rising slightly above sea level on its west sideimitecarea perched

above sea level. On the eastern coast, the Blue Clay formation dips below sea level with seawater
intrusion. The groundwater body is located within the Upper Coralline Limestone, sitting over the Blue
Clay layer at an altitude of 21mlas the western side (Ghajn Tuffieha side) and dipping below sea
level to a depth of circeBOm asl on the eastern side of the valley (Xemxija side). The Ballut springs and
springs of Wardija and Ghajn Stas, among others, digetfeeshwater into the vidy.

4.4.2 Yearly recharge volumes

The Pwales Valley MAR Site is still at the baseline study stage, where both the guantitative and
gualitative aspects of the groundwater body are being determined prior to planning the
implementation of the MAR scheme ilgeSites for groundwater body injection are still being
discussed, along with the sources of water.

Deliverable D4.4 60



MARSolur Report on the Performance of Optimal MAR Designs

Legend

A b Pwalec
A Tertiary MSI A >
= Formation IVt \ 1
———————————————————————— CEpooneeeeeesy

1
uct —-- 2 |Rainfall : Rainfall
300 m — o © ¢4 = i : . L 300m
® 5 echarge , :
LcL from K :
' 6 nearby : 1
;i = aquifer? , '
w Rapid G ' .
— ! infiltrati i uperticial ! -
e ' Karst foatures floW converging to e : a
Vi " 5 the core of , infiltration via Flow ,
e & fractures? e Sirichne | karst features  towards;
Wi , &fractures? east 1
100 — 1(_/ iy f— 100
N \ Borehole
ms.| oo ‘ m.s.|
AN ' 5 ; : = e RN
/ g "‘" weer @2 - """ I
K lens \ \‘ S intrusion
-100 — | from sinkhole — 100
4000 m 5000 6000 7000 m
North South

Figure44. Mizieb and Pwales aquifers' hydrogeological conceptual schemesgossn Taken from Lotti et al.
(2021)

4.4.3 Groundwater level behaviour

The MAR scheme applied in Pwales valley, which will injectthiglity recharge water into its ground
water body, is expected to result in a rise in piezometric levels in the recharge area of the groundwater
body, creating a positivieydraulic gradient towards the coast on the eastern margins thereby enabling
the progressive "flushing out" of contaminated groundwater towards the coast. The increased re
charge shall, therefore, not only contribute to improving the quantitative statuthefgroundwater

body (by increasing inflow) but will also support the progressive improvement in its qualitative status
by enhancing the outward flow of contaminated groundwater.

4.4.4 Water quality evolution

Given that the Pwales groundwater body is @werised by high concentrations of nitrate and
chlorides due to intense agricultural activity, the aquifer system is classified as being in poor qualitative
status. The MAR scheme applied in Pwales Valley aims at flushing out pollutants, thereby éogtribut
to the achievement of the less stringent objectives established under MaltdRiZer Basin Manage

ment Plan for this groundwater bodypotentially also resulting in the progressive achievement of
good qualitative status.

In order to determine thévaseline conditions prevailing in the Pwales groundwater body, seven private
wells were identified to form part of a monitoring network within the body of grdwater. The spatial
location of these monitoring points is shown kigure45 below. Table8 shows the average annual
content (2022) for key qualitative indicatgnsamely chloride and nitrate concentrati and electrical
conductivity,
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Figure45. Location of private wells part of the monitoring network to establish the baseline conditions in the
Pwales groundwater body.

Table8. Average Chlorides, Nitrates and Conductivity values for the Pwales
Baseline Monitoring Network.

Source No. ChloridesAvg Nitrates Avg | Conductivity Avg
(mg/L) (mg/L) (uS/cm)
PW1 5170.0 160.5 3949.6
PW2 1915.0 489.0 5911.8
PW3 2905.7 348.2 9909.2
PWA4 1459.7 398.7 6004.8
PW5 1455.0 118.5 4930.6
PW6 1230.0 244.3 4108.2
PW7 940.0 245.0 4018.6

4.4.5 Infiltration rates and clogging

This MAR scheme is still at the design stage, and investigations are currently being undertaken to
determine optimal infiltration rates based on the hydrogeological properties of the aquifer formation
(Upper Coralline Limestone) in the regiofhese investigations were supported by the National
Research Council of Italy, WaResearch Institute (CNRSA).
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4.2.6 Financial aspects

The Water and Energy Agency of Malta undertook an economic assessment of MAR with the scope of
identifying the unnonetised benefits related to the application of MAR. Economic sustainability needs
to be ensured for MAR be viable in the long term.

Interviews with main stakeholders were held where the value of crop yield for cultivation with saline
groundwater was cmpared to the value of crop yield for cultivation with good quality groundwater
(both scenarios were for eactmuli, per season). In this manner, such evaluation enabled the assess
ments of the added value of agricultural production, which can be achibyedstoring the ground
water body to good status. The Cddtnefit Assessment for undertaking MAR in Pwales Valley has
shown that it can provide a positive net econorimipact on the Maltese society.

4.5 The Argolis Field (Greece)

4.5.1 Introduction

It is important tomention that most of this chapter's contributions proceed from MARSoluT's Early
Stage Researcher (E2Rpeliki Vlassopoulou anahtutor during the project’s development.

The MAR site of Argolis is located in tffeVBater District of Greece (EL03), as showRigure46. The

Gulf of Argolis is mostly a mountainous zone, with steep high mountains delimiting the region's plains.
The altitudes of mountainous areas range from 500 m up to around 2,000 m on the highkst pea

plain of Argolis stretchesdm the Argolis Gulf to Mycenae.

Digital Elevation Map of the Study Area
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Figure46. Water District of Eastern Peloponnes&L03 (leff)and digital elevation maps of the area of study
where the MAR site is located (right).

The region’'s climate i8lediterranean, with a typical continental European influence. The Mediterra
nean type refers to the climate of the broader areatloé Mediterranean basin. It represents a tran
sitional state between the temperate zone in the north and the tropical zartee south. The main
characteristics of this climate are dry and hot summers and the mild, wet winters.
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The intense abstraction of groundwater resources in the coastal aquifer system of Argolis has been
investigated since the late 1950s. Increasing watemands due to the agricultural development
(mainly citrus trees) during the last years, in combination with tourism growth, has led to the everex
ploitation of groundwater resources in the coastal aquifer system of Ar(Rdisagopoulos 2000)

The location of the MAR sites injecting water into the aquifer systeimois inFigure47. The study

area includes an infrastructure system of hydraulic works composed of a) the only source of water
supply for artificial recharge, which is the Kefalari spring, b) a conveyance system of mainly open canals
for the transfer of wéer from the primary intake structure to the agricultural area, and c) the MAR
facilities, which either inject water in the subsurface through deep wells or via infiltration ponds and/or
river bank filtration Figures48 and49).
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Figure47. Location of 38 wells used for artificial recharge (right and left) and the Anavalos and Nea Kios canals
used for water conveyance from the Kefalari spring and the Anavalos dam (Figim) Chrysanthopould2018)

Water is conveyed to the wells injecting water for MAR via the Nea Kios Canal, while the Anavalos
canal relies on gravity or pumping to convey water. The wateMAR is exclusively surpluses from

the Kefalari spring, which feature high quality. In 2017, a year in which MAR was conducted, the
electrical conductivity of the Kefalari spring was of the order of 447 uS/cm measured at 25°C and a
maximum chloride ion attent of less than 17 mg/Of the approximately 2,256,000°uf water taken

from the Kefalari spring, it is estimated that:

1 1,131,200 rmiwere channelled directly into the area's aquifers through the disposal of water
in wells and boreholes.

1 43,300 nmi were recharged indirectly in the riverbed of Amarianos stream.
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1 746,500 mwere allocated to cover the irrigation needs in the Irian plain.

f 335,000 M, which constitute the remaining water, is predominantly infiltrated into the aquifer
as leakages from th&navalos canal (of the order of 288imour). A small percentage of this
volume overflows the canal (either for cleaning or due to overloading) at the connection with
the Ramadanis stream.

Figures48 and 49 show some of the infrastructures for watextraction, conveyance, irrigation, dn
water infiltration/injection.

a) Irrigation canal

d)Anavalos dam e) Pumping well f) Anavalos canal

Figure48. The infrastructure system of water resources management (MAR and irrigation) in the Argolis field.
Water is transported from the Anavalos dam through the Anavalos canal.

385000.000 350000.000 395000.000 400000.000

—
Inachgs
o Aerodromio Ivaxop Anifi m:g:g
AEp0bpoU0 AvOpL
Larissa Gastle Argos & General Hpsnil Poullakida
K501po AlpIoac Ay ‘()’VAN()O« MouNAakiba
NOZOgEME iderbakp i
Ardos AyiTpuaba
door Spov: '.'f:HQ NG ApyoAiboc
fupvastagus Aoyoy
m
Dalamanara Neo Roin
2 Aahapavapa Neo Poewvp

Nea Tiryntha
Tiryns Nep TipuvBa
LipvvBa Ag. Adrianos

Kefal
5 v Ay. Abplavee

Kegahapt

’ VA=
€a
:

AQ-Kiriaki i
ViKuowaxkn op
Nafplior a
Naorio

Letkaki
AEUKGRY

Par ua@
Asinl
Karathorfas, Peet:

385000.000 000 395000000 400000000

a

>

Skafidaki
IxapdanL

Hgure 49. The infrastructure system of water management in the South part of the study area consisting of A)
the Anavalos dam, where fresh water is collected and transported to the north through B) the Anavalos canal,
mainly used for irrigation purposes. € bufer lake in Lerni, which is used as part of the transportation system

of fresh water from Lerriaketo the Argolis field through D) the canal network. On the right map & water

pipes system is shown in red, and F) the irrigation pipes system (Anawvaldea Kios canals) is shown in yellow,
respectively.
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Concerning hydrogeology, groundwater movement is controlled by both the geological formations'
tectonic structures and hydrolithological features. The formations in the West of the Argolis field diff

in hydrogeological characteristics from those in the East. The Pindos Limestones laterally supply the
alluvium deposits of the Argolis field on the western margins. The geological formations on the east
side are unlikely to contribute significantly toogndwater recharge. The geological map of the study
area is given ifrigure50.

GEOLOGICAL MAP

4174000

4168000

4162000

4156000

e Cities Geological Formations
—— Hydrographic Network [:] Alluvid deposit and coastal sediments

2232 cong North Pel

Lacustrine deposts
[E=] umestones
Fysen

B schistoid chert

Figure50. Geological Map of the Argolis field. The main geological features are 1) the unconfined alluvial aquifer
body, consisting of multiple permeable layers separdigctlay of variable thicknesses, 2) the searifined
conditions close to the coast, 3) Karstic surrounding aquifers 4) Significant spring systems such as this of Kefalari
at the west margin. From Makarat{2020)
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Groundwater recharge usually comes fr¢@iannoulopoulos2000)
a) Runoff
b) Lateral flow from the limestone formations at the westdringes of the Argolis field
¢) Managedquifer recharge
d) Infiltration from the Inachosif®er and other streams in the area
e) Irrigation returns

f) Losses from the water supply and irrigation networks.

On the other hand, groundwatédutflowscomprise:
(a) Groundwater sugdp and irrigation abstractions
(b) Springs, the sea, rivers (gaining streams)

(c) Neighbouring aquifer formations depending onithgydrodynamic and boundary conditions

The main components of the water balance for this particular case study are precipitation,-evapo
transpiration, surface runoff, lateral recharge (in this case from karstic aquifers), diffuse recharge,
focused rechargé¢hrough ephemeral streams, and groundwater extractions for various uses such as
irrigation, water supply, industry, etc.

The above components are regulated by several factors such as climatic, geology, soils, morphological
characteristics of the area, ldrcover and use, anthropogenic factors, etcFigure51 (left), the pre
cipitation in the Argos district is displayed for every month of the most recent years. Most rainfall
occurs between September and March and shows high interannual variability hstABeen applied

in the Argolis field in February and March 2017.

Precipitation in Argos Climatological conditions in Argos in 2016-2017
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Figure51. Precipitation (mm) data for the years 2028202022 and October 2016 September 2017, when
MAR was applied in the Argolis field (February and March 2017). Data were takeméteo.gr.

Figure52 shows the land use distribution in the area. The total annual water needs for all activities
and uses in Argolis amount to ~268.4 Riirigation consumes ~90.8% (243.7 Mof the total needs,
industry ~2.3% (6.3 M# water supply-6.5% (17.5 M#), and animal husbandry ~0.4% (1.0 flm
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Figure52. Distribution of land uses in the Argolis Gulf (EL0331).
From Joint Venture of Peloponnese Waterbo€4.8)

The population numbers for every municipality of the Argolis region are preseniablr9, together
with an estimation of the population in 2021. It had been predicted that the populatioeaserin the
area would be insignificant from 2015 to 2021. This demographic pattern is due to the exodus of the
young population to the urban areas, which has been verified through oral accounts bysvarimers

in the study region.

Table9. Populationstructure of the current population of the Municipal Urdfshe Argolis Gulf (EL0331pusce:
15'Revision of the River Basin Management Plan of the Eastern Peloponnese (EL03), 2017.

. S Real Real Polulation |Estimation of [Estimation of
Regional L Municipality . . . .
it Municipality i population population change % |real population |real population

2001 (people)|2011 (people)|(2001-2011 | 2015 (people) (2021 (people)
Argolis  [Argos-MycenagArgos 28.793 26.554 -7.774 26.700 26.850
Argolis  |Argos-MycenagAchladocampos$ 654 499 -23.70(0 500 500
Argolis  |Argos-MycenagKoutsopodi 3.575 3.324 -7.021 3.350 3.350
Argolis  [Argos-Mycenaé_erna 3.042 2.313 -23.964 2.350 2.350
Argolis  [Argos-Mycenaé yrkeia 2.398 1.748 -27.106 1.750 1.750
Argolis  [Argos-MycenagMycenae 4.349 3.384 -22.189 3.400 3.400
Argolis |Argos-MycenagNea Kios 3.646 2.82 -22.655 2.850 2.850
Argolis  [Argos-MycenagAsclepius 4.804 4.286 -10.783 4.300 4.300
Argolis  |Argos-MycenagEpidaurus 4.471 4.018 -10.132 4.050 4.100
Argolis  |Argos-MycenagErmioni 4.554 4.102 -9.925 4.150 4.150
Argolis  |Argos-MycenagKranidi 10.347 9.628 -6.949 9.700 9.750
Argolis  |Argos-Mycenag@Asini 6.117 5.948 -2.763 6.000 6.10(0
Argolis  [Argos-MycenagMedea 6.724 5.6 -16.716 5.600 5.600
Argolis  |Argos-MycenagNafplion 16.885 19.462 15.262 20.80(0 23.200
Argolis  |Argos-MycenagNea Tirintha 3.680 3.483 -5.353 3.55(0 3.60(0

For decades, the main economic activity in Argolis has been agrieulthis region is considered one

of the most irrigated areas in Greece. Consequently, groundwater contamination due to seawater
intrusion and nitrate pollution has occurred. Since the 1990s, MAR has been applied by the local
authorities to improve waterquality, increase groundwater storage and reverse or stop seawater
intrusion. The MAR methods employed range from surface basins to shallow wells and deep boreholes
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Systematic application of MAR in Argolis was carried out from 1990 to 1996 as parsetectepre

ject program and then from the SoutBast Argolida DistricDepartment of Management of the Land
Improvement Agencies until December 2010, when it was repealed by Law 3852/2010. Since then,
MAR has been carried out by the Region of Peloponnikseuccessor body of the Soutfast Argolida
District. Summary data on the application of MAR in the period 19007 are provided iTable10

and Figure53.

The Anavalos canal started operating in 1994, and since then, the cost of MAR has decreased due
reduction in energy consumption for pumping. Artificial recharge was not executed in the years 1999,
2000, 2005, 2006 and 2015 due to technical problems or lack of apgdicsasing, as well as the years
2007 and 2016 due to neactivation of the Keflari spring.

Table10. Amount of water used for MAR during the years 129027 and the corresponding
costs. Modified from Giannoul#8017)

Water quantity (n?) | Water quantity Total water ’
Year via the Nea Kios (m3) via the quantity (mé)for |/ 2ad 2F a
canal Anavalos canal recharge
1990 3,094,000 0 3,094,000 73,847.60
1991 6,929,580 0 6,929,580 70,761.09
1992 5,685,370 0 5,685,370 112,451.47
1993 3,891,590 0 3,891,590 128,508.36
1994 4,500,000 9,500,000 14,000,000 80,537.53
1995 1,364,200 12,228,000 13,592,200 36,124.89
1996 0 7,224,000 7,224,000 13,923.00
1997 0 4,000,000 4,000,000 22,521.67
1998 598,920 4,320,000 4,918,920 34,836.68
1999 0 0 0 0
2000 0 0 0 0
2001 423,000 2,195,000 2,618,000 16,815.03
2002 1,406,470 5,136,385 6,542,855 58,845.00
2003 0 2,800,000 2,800,000 17,556.00
2004 255,000 3,103,000 3,358,000 27,150.00
2005 0 0 0 0
2006 0 0 0 0
2007 0 0 0 0
2008 144,320 0 144,320 3,057.00
2009 0 6,877,596 6,877,596 40,000.00
2010 0 4,587,466 4,587,466 43,123.59
2011 0 1,353,200 1,353,200 22,747.00
2012 0 3,836,000 3,836,000 41,515.00
2013 0 4,000,000 4,000,000 54,726.73
2014 0 4,455,453 4,455,453 55,067.00
2017 0 1,509,500 1,509,500 28,864.00
TOTAL 28,292,450 77,125,600 105,418,050 982,978.64
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Figure53. Graphical representation of the amount of water in Rthrat was used for artificialecharge in Argolis
between 1990 and 2017.

The average hourly water volume injectiin the Argolis field was #0m?/hour. The significant range
is due to the heterogeneity of the prevailing hydrogeological conditions ancthe brea where MAR
isapplied.

4.5.2 Impact on groundwater levels

To monitor the present condition of the groundwater aquifer, water level measurements were taken
from 3550 wells visited between 2021 and 2022. The location of the wells is shoRigure54. It
was not alwaygpossible to retrieve a water level measurement from the same well each time.

Location of water level measurements taken in 2021-2022
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Figure54. Location of the monitoring stations/wells where water
level measurements were conducted in 22222
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A comparison of water levels (without subtracting the topographic elevation) is presenfégiire55

for the dry (Sep 2021 & Sep 2022) and wet (Feb 2022) seasons. As expected, groundwater levels are
higher during wet periods, not only because of moreqipéation but also because of less ground

water extraction volumes for irrigatiofror the same time periods theterpolated water table/pieze

metric surface deptlis shown inFigure 56

Figure55. Comparison of water levels measured at each well head of various monitoring stations/wells. Depth is
measured as distance to the water table/piezometric surface.
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