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1 Introduction

DEMEAU is #three-year, EUfunded demonstration project on promising technologies that tackle
emerging pollutants in water and waste water. Within the DEMEAU project adnthe water
treatment technologyfocused onis Managed Aquifer Recharge (MAR). Different typeSlAR are
widely distributed and applied on various scales in the European countries, but no systematic
categorization and compilation existed up to now.eéf@ble insight ithe wide rangen applications

and operations forEuropean MAR sitesa cataloguein the form of a relational database was
developed.

The European MAR catalogue presented herein includes a wide range of parameters, e.g. operational
scale, various aquifer properties and water qualyalysisof the data is presented in this report.

For the sake of convenid¢rdata entry, modification and displayf datais enabled through various
graphical user interface@igurel). Specific knowledge of relatiohdatabase is not required to take
advantage of the European MAR catalogue. It is intendedan evolving database that allows
continuousimprovement and expansion dhe datain the catalogue Thereforethis reportprovides

a snapshotf the current congnt.

2] user_Form
Catalogue on European MAR applications
¥
1. General Frame / Site Information
operator [ -] main MAR type (primary | secondary) I =i |
country [ =] specific MAR type (primary | secondary) I I |
city [ | influent sousce / source water (primary | secondary) :
site [ | final use (primary | secondary) - -
latitude | decim ‘ objective (primary | secondary) : :
tongitude [[eecim | operational scale [m*/yes |
contact name | ‘ depth to aquifer / thickness of unsaturated zone ‘ m |
email [ | aquifer thickness / thickness of saturated zone [im |
phone [ I | mean horizontal aquifer passage to absteaction well  [[r |
hydraulic co ity (min | mean | median | max) ‘ E H ” X ” ‘
specific storage [1/m], specific vield [1/%] [1/m]a
or specific porosity [ 1/%]
under operation since | ‘ main aquifer type ‘
shutdown since = | specific aquifer type [ |
shutdown reason [ =] aquifer confinement [
2. Operational Parameters
pre-treatment ‘ EH max infiltration rate [-] =]
post-treatment [ =] residence tims (min | mean | median | max) [ =l []] ][ -]
number of infiltzation wells, ponds or trenches | | average injected or infiltrated volume [ I =] =]
number of recovery wells [ | total abstraction [ I = =]
average filter depth [im below surface | duration of injection or infiltration cycle [ | [=]
average infiltration rate ‘ | ‘ El | El clogging management in practice? | E‘
Figurel: Example of the graphical user interface displaying tisge specificuser form of the MAR

catalogue

1.1  Motivation and objectives

The European MAR catalogue aims at providing an information platform of European MAR sites for
technical experts, authorities and scientisi&/ith the help of the catalogue it is also possible to
identify the current state of knowledge for the respectiviiesor MAR type. fierefore, tis unique
catalogue provides a valuable information source of MAR in Europe



1.2

MAR definition

Managed aquifer rechargéd AR can bedefined as the intentional recharge, storage and treatment
of water in aquifers. Depending ohé type and purpose of the MAR intervention one or more of the
three main objectives are dominanthere are a number of different techniquesailableusing
boreholes, dug wells, infiltration ponds, furroftrenches ditchegbarriers and/or wells to infitate,
induce infiltrationor injectwater into the aquifer Figure 2.

MAR types can be divided into five main gro(i&RAC, 2013

)

ii)

Bank filtration is a category by its own addscribes the induced infiltration of surface
water from a river or a lake by well pumping. Water quality improvemerttich is
commonly observed during the subsurface passég®ften the main objective of this
MAR type.

Rainwater harvesting includes MAR types which collect rain and surfaasfriBarriers

and trenches are made e.g. to reduce the surface-afinand erosion and to enable
agriculture in hilly terrain. This MAR type increases the water contact area aniipso
additional recharge potential. Rooftop harvesting collects rain and stores the water in
settling tanks before it is recharged through defunct dug wells or boreholes to the
aquifer.

In-channel modifications are structures built in streams to intetaapdetain the stream

flow and enhance groundwater recharge. This type of MAR is common in arid and semi
arid areas where intermittent or ephemeral stream conditions prevail. Sand dams e.g.
are usually small structures built in ephemeral/intermittent stnes to store water
during rainy season to overcome periods of drought. Check dams are used to stop part of
the seasonally (monsoon, storm events) occurring stream flow to enhance infiltration
through the stream bed. The controlled discharge of the storagiewthrough recharge
releases provides additional options at times of limited infiltration upstream of check
dam.

Well, shaft, dam and borehole recharge comprise a wide range of types of recharge by
gravitation in dug wells, shafts, pits or injectionwaditer by wells (e.g. aquifer storage
and recovery, ASR). Please note that in contrast to the classificati@aRAC (2013he
underground dars is not classified Bre as irchannel maodification. MAR structures of
this type are mostly below ground level arate also constructed to prevent or
counteract seawater intrusion.

Spreading methods are used when the geology and hydrology allows the aquifer to be
recharged fom ground level directly. MAR structures of this type are mostly above or at
ground level. Infiltration ponds are often operated until fully saturated conditions below
the pond are developed, while soil aquifer treatment (SAT) always requires unsaturated
conditions below the infiltration basin. During SAT treated effluent is recharged through
a biological active zone (soil), a vadose zone and finally to the saturated zone where the
recharged water is recovered and reused.
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2 Development of the European MAR catalogue

2.1 Structureof the database and classification of fields

Sketches of MAR types (modified and extended frdnillon (2005). STP = sewage treatment

The underlyingsetup of the MS ACCESS database and relational structure is predantedhil in
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http://demeau-fp7.eu/results.. In total 38 parameters(plus referencesyvere categorized in general

site information (e.g. name of operator, location, MAR tygd®e/drogeological properties (e.g. aquifer
type, hydraulic conductivity), operational information (e.g. operational scale, number of abstraction
wells) and water quality monitoring (e.g. bulk chemistry monitoring schedtii)le1l documents
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Tablel:Overview of field parameter and entries included in the MAR catal@gti@ds are mandatojy

a ! ields éré dpieal. | NB Y

> > >
. Entr 5 . Entr 5 . Entr 5
Field Y |'s Field Y1 Field Y15
No. arameter | U™ | £ No. arameter | U™ | 2 No. arameter count | &
" ) |8 " ) | S ’ o) |8
1 Name of 270 (100) 14 Aquifer 155 (57) 27 Recovered 39 (14)
operator confinement infiltrate
[
) . =
2 Emailof 270 (100) 15 Aquiter 123 (46) 28 Infiltration rate 22 (8) £
operator thickness g
s £
Horizontal S £
3 Country* 270 (100) 16 aquifer 108(40) | &| 29 Anal use 245 (91) g
passage iy &
8
D
Fecific %
&t City* 270 (100) 17 : 220(81) | 3 30 Objective 231 (86)
aquifer type 2
5
©
e Monitoring
5 Site name* | 270 (100) 18 o 108 (40) 31 regularity bulk 57(21)
conductivity ;
chemistry
& Main aquifer Monitoring
6 Latitude* 270 (100) | 3 19 t g 221 (82) 32 micro biological 57(21)
g P parameters
E
Q
7 Longitude* 270 (100) o 20 . J - 95 (35) 33 emerging 30(11)
c infiltrated
[} pollutants
(O] volume 2
<
=
8 Main MAR 270 (100) 21 Operational 189 (70) 34 Monlt(.)rlng in 52(19) §
type* scale situ g
- Number of = .
9 | SPecificMAR | 570 (100) 22 infiltration 81(30) | £| 35 Monitoring 47(17)
type* c heavy metals
wells S
]
o
influent Number of b Monitoring
10 source 266 (99) 23 recovery 75 (28) '% 36 organic 30(11)
wells ] compounds
@]
Under . . .
1 operation 185 (69) 24 Residence 87 (32) g7 | Listofemerging | o o
. time pollutants
since
12 Shut down 56 (21) 25 Pre 97 (36) 38 References | 270 (100)
since treatment
13 Filter screen 95 (35) 2 Post- 63 (23)
depth treatment




the 270 sitesin table 1ten more sites, which are already added to the database, but not finally
provedat the time thisanalysis was written

To characterize the content of the catalogue selection of fields are classified according to their
importance or significance for later interpretation. The selected fields are impohhtogeological
and operationaparametersshown inTable2.

Only records whichcontain allimportant hydrogeological parameterare class 1 sites. Class 2 sites
are characterized by the hydraulic conductivity and at least axhditionalfield information. Class 3
sites do notcontain the information about the hydraulic conductivity but at least one of the other
fields. Class4 sites do not contain any of the information.

Table2: Qassification of records based on the availabilityof important hydrogeologicaland operational

information
Hydraulic Aquifer Horizontal aquifer Number of Operational
conductivity thickness passage recovery wells scale
Class 1 Contains all field informationf the five parameters
Must be '
Class 2 ) At leastone fieldof the four parameters
available
Does not '
Class 3 . At least one fielabf the four parameters
contain
Class 4 Residual

NineteenMAR sites in the catalogueorresponding to/7 % were classified as class 1 sit€dass 2
contains103 sites corresponding tad38% of all MAR site€lass 3 sites make up approx. 45 % (124
sites) and class ebntainsthe residual4 sites(approx. 9% of all MAR sitegFigure3).

8.89% 7.04%

33.15%

. Class 1
2L Class 2

1 Class 3
Class 4

Figure3: Classification of sites based on record completeness adssential hydrogeological and
operational information
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MAR sites withrelatively complete dat&ntries (dass 1 and clasg thake up approx. 45 % of all sites
included in the MAR catalogu€lass 3 sites are considered to be moderately characterized. Sites
with very poor availabilityf hydrogeologicahnd operational information (class 4) are oBlyb. It

must be noted that mangpf the EuropeanMARsitesconsideredare likely better characterizedut

the information was not availableom the considered literature.

Information of EuropeamMAR systems was compiled from 264 differarformation sources which

were cited 564 times in totd[Table3). The largest share dhformation sourcesonsistsof scientific

publications (i.e. research papers, books, PHDA LJ 2 Y I FYR al a6SNDa GKSa
information from community and operator websites (24%) and technical docum@2%j. The

remaining source types, i.e. presentations (both talks and posters), reports from previous
governmental and nogovernmentéresearch projects, personal communication with specialists and
operators, as well as newspaper artic{&8%).

Table3: Type and numbepof information sources citations per category and ratio
Category Ss;trggjrser Ciéz;t!ggzrser Ratio citation/source
Newspaper articles 3 3 1.0
Personal information 5 5 1.0
Presentations 8 8 1.0
Research projects 10 16 1.6

Scientific publications (peer

NEDASESR LI LISNE 140 321 23
Technical documents 31 109 3.5
Websites 67 102 15

Total 264 564 2.2

By looking at the numbers of citations obtained per category large differences can be obsenved.
average each reference was cited 2.2 tim@sble 3) but <ientific publications and technical
documentswere cited more frequently and offer a higher degree ofinformation. In contrast,
newspaper articles, presentations, research projectsaptisites usualladdress only éew aspects
andcontainless information

Some of the parameters are displayed as box and whisker plots. Box and whisker plots are
standardized ways of displaying the distribution of data based on: minimum, first quartile, median,
third quartile, and maximum. The central rectangle spans the djustrtile to the third quartile (the
interquartile rangeor IQR. The red line inside the rectangle shows the median and "whiskers" above
and below the box show the minimum and maximum, as long as they do not lielQBRor more

above the third quartile or 1.5 ¥QRor more below the first quartile. Outliers, plotted as small
circles, lie either 1.99QRor more above the third quartile or 1.B®Ror more below the first

11



guartile. Extreme values, plotted as small starg, either 3*QRor more above the third quartile or
3xIQRor more below the first quatrtile.

2.2 Quality assurance and plausibility control

During dataacquisitionand entry, severalpersonsfrom various institutiongontributed. Besides the
risk of human erroduring data entry other factors e. g.outdated sources wilthallengethe quality
of the collected data. Thus, following the daaquisitionperiod, various quality control measures
were carried out to ensure a high level of data integrity.

Identified2 dziif ASN& FyR O2vyaLA Odz2 dza nBniefichlferdS wegeldoubdesS & 2 F
checked using the respective references. Besides these relatively simple statistical tests on individual
fields, logical checks were performed between related paranseitemorder to identify data gaps. For

example, it can be assumed that information on the year of closure and the reason for closure are
usually jointly availableThereforefor record sets where only one of these parameters was fitlesl

literature wasconsulted once more to make sure no available information was omitted. Implausible

or unlikely combinations of parameter values were also checked and corrected if necessary.
examplew2 dz2f R 0SS (GKS O2YoAyldGAzya 2F GKS mbdr b YS G SN
AYFAEGNI GA2Yy gStftacd {AGSa GKIG KFE@S | aLISOATFAO
l{¢w 2NJ RdzZ ¢Sftf «k aAKFIFd k LAG AyaSOdAizy |a (G(KS
information was double checked. Subseqtlg, a selection of datasets was cross checked by
different personnel and specialists of partner institutions and affiliated operators (BWB, Dunea and
Eskap).

The MAR catalogue does not claim to be a representaig certainly not arexhaustive database

The lack of data for specific countriesegmot necessarily mean the lack of MAR sites. It can rather
be attributed to the fact, that dnguage barriers restriet the literature researchto languages
spoken by members of the research tedine. EnglishSpanish, German, Polish, Dutch and French).
Moreover, many sources of information i.e. technical reports are simply not available in the public or
scientific domain.

3 Resultsand discussion
3.1  General werviewand historical development of MAR sites in Eump

The databaseontairs 270 MAR sites of which S3teswere closed due to various reasomsspatial
overview of all currently operatingnd shutdown European MAR sites included in the catalogue is
given inFigure4.The spatial distribution of currently active MAR sites covers most of the European
countries with distinct differences in occurrence frequency from region to region. MAR hot spot
regions canbe identified inThe NetherlandsBelgium and West Germany where induced bank
filtration is the dominant MAR type. Alsothe region around Berlin and Dresden in East Gernaany
well asalong the Danube River in Austria and Hungary many bank filtraties can be found. In
contrast to these hot spots other regions in Europe are not or sparsely represented, namely the
Balkans region, Norway, Ireland, Denmark, the Baltic states and other eastern European countries.

12



Spreading methods Well/Shaft/Borehole In-channel modifications
A Ditch and furrow ¢ ASR/ASTR B Recharge Dam

A Excess irrigation < Shaft/Pit injection B Riverbed scarification
- Flooding

<« Infiltration ponds

V¥ Reverse drainage ® Induced bank filtration

Figure4: Spdial occurrence of MAR sites in Europe

Thedistribution of main and specific MAR typestlive databasds presented irFigure5. With 145
out of the 270 systems (54%) induced bank filtration is the mosgiominant MAR type.Surface
spreading methods rank second among all main MAfegywith 79 systems (28). Well shaft and
borehole recharge systems form the third largest group of main MAR tyitbs44 sites inEurope
(16%)and in-channel modificationsire applied at 2 sites only {@o).Rainwaterharvestingwas not
anapplied MAR technolggat any ofthe analyzed sites in Europe

Together withinducedbank filtration ponds & basins with 6%ites (23%pre the most mportant
specific MAR typesForthe latter, none of the considered MAR sites Europebelonged to eitherof

its two subtypes (i.e. sulsurface dams and sand dams)

13



induced bank filtrat - specific MAR type

- riverbed scarificat.

|:| reverse drainage

spreading methods - recharge dams

|:| infiltration ponds &

basins

well, shaft, dam 1 |:| Induced bank filtr.
- flooding

-excess irrigation

in-channel modif. - dug well/shaft/pit

[ JasrASTR
0 20 40 60 80 100 120 140 160

number of sites

Figure5: Distribution of main (labels) ad specific(colours) MAR types

The dstribution of MAR types per country is shownFigure6. In terms of total numbers, Germany
and The Netherlandgogether have 136ut of the 270 known MAR sites (50 %), followed by 25
Spanish and 13 French sites (9% and 5%, respectively). For Fhaaen Switzerlandand the UK
havebetween 10 and 18 sites (1% in total) could bedientified, while the remaining 1% of the
sites ae distributed amongst 1®ther countries.

Austria
Belgium specific MAR type
Czech Republik
Derjmark - riverbed scarificat.
Finland
France .
reverse drainage
Germany - g
Greece
Hungary - recharge dams
taly N
Latvia - infiltration ponds
Netherlands
Poland - Induced bank filtr.
Portugal
Romania |:|ﬂood|ng
Russian Federation o
Serbia and Montenegr - excess irrigation
Slovakia
Slovenia |:| dug well/s haft/pit
Spain
Sweden - ditch and furrow
Switzerland
United Kingdom - ASR/ASTR

0 10 20 30 40 5 60 70 80

number of sites
Figure6:MAR type distribution per country
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Information on the year of first operation and the year of shut down allows drafting the historical
development of MAR in Europe. Figure?, the number ofMAR sites opened between 1870 and

2012 classified ina 10 year intervalare shown.The modern history of what is called MAdtday

begins withtwo techniques which are most prominently representadthe MAR catalogud) bank

filtration and ii) groundwater replenishment by infiltration ponds. The first reported MAR site in

Europe was in Glasgow (UK) where in 1810 the Glasgow Waterworks Compmtsucied a

perforated collector pipe parallel to the Clyde Riyny et al., 2002and abstractedbank filtrated

water (BMI, 1989. This method was successful at the beginning and many other cities in the UK (e.g.
Nottingham, Perth, Derby, NewarKRay et al., 2002dopted the idea and in the 1860°s it came to a
FANRG KSe@RIFe 27F ayl G dABMIf 1085 Haweden) BaNySoRthegd: etrfy Bites Ay (i
experienced prolems with decreasing well performance and had been abandoned in later years

(BMI, 1985. For many of these early sites the exact starting and ending year of operation was not

found in the literature and ar@ot included inFigure7.b S@S NI KSt Saas GKS ARSI 2
gl 6SNE AYyRddzOSR o6& LizYLIAy3d gl a& 062Ny FyR &LINBFRS
adapted by cities inrhe NetherlandsBelgium, Sweden, France, Austria and Germany.

25 —
20 —
15 —

new sites

10 —

closed sites
o
\

-ttt °rr 1t 177 17 [ T
1860 1880 1900 1920 1940 1960 1980 2000

Year

Figure7: Historical development of MAR sites in Eurog@owing the number ohew MAR sites opened
between 180 and 2010

The increasing industrizaktion and growing population in European cities confronted the municipal

water supply with new challenges. The traditional water supply with surface water was impaired by
increasing contamination of the new industries and improper sanitatidre pioneers of MAR in

Germany were at the Rhine River (e.g. WW Dusseldorf 1870) and at the Ruhr River (e.g. WW Essen
1875), at the Elbe River (e.g. WW Saloppe 1875, WW Hosterwitz 1908) around Dresden and in the
Berlin area (e.g. WW Miggelsee, switchedgtoundwater in 1904.909, WW Tegel 1961903).

Similar to the development in Germany and Swed@rer bankfiltration (RBFandinfiltration ponds

found application inThe Netherlandsind Switzerland. InThe Netherland®.g, the first known RBF

based wagr supply was reported thave started its operation in 189(Stuyfzand, 1980 The first

MAR site in Switzerland started its operationit & St & [ I y 3 S Fas@erNurSpgan cittey’ M M H

15



then followed and in Hungary the first RBF site was installed north of Budapest on a Danube island
(Szentendre) in the 1920(slomonnay, 200R To date,this MAR system is the main drinking water
source for BudapegHomonnay, 200R Additional RBF sitesatie been developed on other Danube
islands (e.g. Csepel) and nowadays several RBF sitealerigthe rivers of Raba, Drava, Ipoly, Sajo
and Hernad(Homonnay, 200R In Romania the MAR history stamsth the operation of the lasi
water supply system at the Moldova River in 1@htl the cities of Cluj Napoca followed in 1935 with
conjunctive use of RBF and infiltration ponds and Bacdl®é1 (Rojanschi et la 2003. In Finland

the first plant using groundwater replenishment by infiltration ponds started its operation in 1929 in
VaasaTapio et al., 2006 A few other plants were developed before and afterld warll, but the
systematic development of MAR in Finlandly started in the 1960°gTapio et al., 208). It is
reported that in the year 1992 about 20 water suppliers relied on different MAR types mainly
constructed in 1970°s. In 2002 already 25 operating water works utilized MAR in Hifdgual et al.,
2006). Finally, Tapio et a(2006) report that after several decades of experience with MAlRs
technique is continuously favored by water supgier

Based on the analysis of the MARtabaseit is obsaved that the amount of new sites is increasing
with time. This finding is a clear indicationtble growingappreciationwithin the water sector of this
long-knowntechniquefor the modern challenges in water management and production

Finally it mustalsobe noted that due to differenteasons 5 (21%) of thesiteslistedin the database
were shut down While for more than half of them the reason for closure is unknown, many of the
remaining sites where only used as pilot studiesafimited period oftime. At othersites, operation

has been suspendaémporarily or was shut down entirely due to econoricpolitical reasons.

3.2  Operational parameter

3.2.1 Primary hfluent sourcewater

The primary influent source water is the main water type which is used as input wateiptmticular
MAR type. In the database it was possible to choose between wide ranges of different water types
(i.e. river water, lake water, storm water, reclaimednaestic wastewater etc.).

Figure8 illustrates the distribution of influent sourcerater per specific MAR type. In some cases
distinct correlations between specific AR types and influent sources can dieserved As induced
bank filtration only occugalong the banks of rivers and lakesstNAR type hatwo primaryinfluent
sources river and lake waterGroundwater which is in virtually all cases of bank filtratidso ean
influent source water is not shown here, despite of the fact that groundwater may contribute
significant to the abstracted wateHowever, iis not intended to be the primary influent water.

In the case ofecharge damswhich are built within rivebeds river water is the influent source.

Since only two records with information on the influent soug& A &8 G F2NJ GKS a!w (&l
FAINNR g¢é¢ 3 OKEF NI OGSNRAGAO AyFfdzSyd az2dz2NOSa Ol yyz2i
The remaining MAR types are not restricted to a location near river or lake banks and thus show a

larger variety of influent sources.

With a total of 44 available data sets, the main MAR type of well, shaft and borehole recharge (i.e.
ASR/ASTR and dug Weshatft / pit injection) shows a large variety of primary influent water sources.
ASR/ASTR systems are often used for pilot studies and scientific research purposes and they also use
the rather exceptional influent sources of storm water and groundwater.
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Figure8: Distribution influent sourcewater per specific MAR type

Alternative influent sources such as reclaimed or storm water can be found in areas which are prone
to water stress (e.g. Spaijrfut also in moderate regions.¢e north Germany(Figure9).

Distilled water was used as input water at an ASR site in The Netherlands (Den Burg) between 1977
and 1990. Surplus water from a seawater desalination plant in the winter time was injantkd
abstracted in the summer period when water demand was increg§Sted/fzand et al., 20)2

Reclaimed domestic water is used as an influent source at 12 sites in Europe. In most cases it is used
for agricultural purposes. In Braunschweig (Germang)séwage works Steinhof is infiltrating about

12 Mio. ni/a of treated sewage by flooding and sprinkler irrigation. This high operational scale
makes this system the largest MAR system utilizing reclaimed water in Europe. At the Llobregat
aquifer in Barceloa (Spain) reclaimed water is injected via injection wells or infiltrated through
infiltration ponds to act as a hydraulic barrier against seawater intru@stuno et al., 2012

Only a few sites in Europe produce domestic water with reclaimed water. In Torredleds
(Belgium) tertiary treated wastewater isfiltrated in a dune area. The MAR system, in combination
with advanced technical treatment, produces potable water in the range of 2.5 Mita (wan
Houtte and Verbauwhede, 20p8Another example is found at a small scale pilot site in Giannitsa
(Greece)Ferreira et al., 2007

Apart from the direct usage of reclaimed water via various MAR types severalgitieexist which
use treated wastewater or a blend of fresh and treated effluent water as source water. E.g. bank
filtration sites situated downstream of a sewage treatment plant (i.e. Berlin Tegel (Germany)).
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Figure9: Primaryinfluent sourcewater typesof MARsites in Europe

3.2.2 Finaluseand main objectives of MAR sites in Europe

The final use describes the intended usage of the output water of the respective MAR system. The
catalogue allows distinguishing between agricultudalestic, ecological and industrial usages. The
main objective describes the purpose of the MAR system which can be differentiated between water
quality management, physical aquifer management, maximizing storage, management of the water
distribution systen, ecological benefits and other benefits. Final use and objective are closely related
as e.g. an ecological usage is often connected to e.g. the conservation of groundwater dependent
ecosystem which is summarized under the objectivel@gical benefits. bwever, an ecological or
agricultural usage may alsmntribute to water quality management in which the MAR system is
operatedto improve or restoreggroundwaterquality.

Figurel10 shows the percentage share of objectives related to the final use of MAR systems. MAR
water used for agriculture purposes shows various objectives. At a site in Portugal (Campina de Faro
aquifer system) river water was recharged through lird#tion ponds in order to improve
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