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Abstract. To counteract harmful, eventually with catastrophic consequences, to-
day and future groundwater quality degradation due to saltwater intrusion into
coastal aquifers, Managed Artificial Recharge (MAR) is considered the best so-
lution, a sound, safe and sustainable solution. MAR, in coastal areas, depends on
the availability of water including waste water appropriately treated. How to con-
trol saltwater intrusion in coastal zones implementing a MAR facility? The pa-
rameters required to answer that question, include the selection of the most ap-
propriate technology and the best location for MAR. The appropriate location
must have good infiltration rates; enough space to store underground the re-
charged water; guarantee that the travel time of the recharged water in the aquifer
is long enough, compatible with the expected frequency of drought periods; eco-
nomic efficiency maximization; availability of areas for MAR; and, positive im-
pacts on the society. GABA-IFI model addresses those parameters allowing the
selection of the most appropriate area for the location of MAR. Complementary,
mathematical models are available to quantify MAR water injection rates re-
quired to recover groundwater depleted levels. Where should the injection be lo-
cated? GALDIT is probably, today, the most used model worldwide to assess the
vulnerability of saltwater intrusion in costal aquifers by a numerical calculation.

Keywords: Coastal zones, salt water intrusion, mathematical models, GALDIT,
GABA-IFI.

1 Introduction

The roles that Managed Artificial Recharge (MAR) may play today, worldwide, within
the framework of Integrated Water Resources Management are: short and long term
storage for later recovery during dry seasons, recovery of groundwater level of over-
exploited aquifers, provision of barriers to seawater intrusion in coastal areas, improve-
ment of water quality, use of the aquifer as a water distribution system for individual
users, and flood-prevention by deviating peak-flows. In Portugal, the recent water sup-
ply crises caused by recent droughts, within the southern Algarve region, show the ne-
cessity to implement new measures for improved water resources management. The



surface water reservoirs in the northern mountain areas of the Algarve suffer from sig-
nificant water losses due to high evaporation rates and are not able to cover the water
demand under drought conditions. During the rainy season huge spillway losses have
been observed from these reservoirs. In wet years more than 50hm?3. The river water
flows to the sea. In drought years a similar value of 50hm?® is over pumped from the
aquifer causing sea water intrusion. MARSOL FP7 INNO-DEMO project Policy Brief
clearly summarizes the Legal Framework of MAR (Schith et al. (2019) available in
http://www.dina-mar.es/file.axd?file=2017/8/MARSOL+Policy+Brief_final.pdf): The
Water Framework Directive (2000/60/EC) considers ‘artificial recharge’ of groundwa-
ter as one of the water management tools that can be used by EU Member States to
achieve a good groundwater status. It has to be ensured, however, that the necessary
regulatory controls are in place to warrant that such practices do not compromise qual-
ity objectives established for the recharged or augmented groundwater body. It is also
acknowledged by the Groundwater Directive (2006/118/EC) that it is not technically
feasible to prevent all input of hazardous substances into groundwater, in particular
minor amounts which are considered to be environmentally insignificant and thus do
not present a risk to groundwater quality. For such cases the Groundwater Directive,
under Article 6(3)(d), introduces a series of exemptions. Managed Artificial Recharge
is considered as one of these exemptions. MARSOL suggests a Regulatory Framework
based on risk assessment, control mechanisms and monitoring as a tool which can fa-
cilitate the application of the Water Framework and Groundwater Directives on MAR.
It is the intention of such a regulatory framework to provide clear guidelines to Member
States on the application of MAR techniques.

2 Materials, methods and results

2.1  Groundwater recharge assessment under climate change conditions

The increase in extreme precipitation phenomena, even at the same annual volumes,
can cause a decrease in groundwater recharge because soil infiltration capacity is ex-
ceeded more frequently, favoring runoff rather than recharge. The work carried out at
LNEC on groundwater recharge (e.g. Lobo-Ferreira et al., 2012), demonstrates the
influence of precipitation distribution series on groundwater recharge and the need to
use daily sequential balance models (e.g. BALSEQ model, Lobo-Ferreira, 1981) that
take into account daily precipitation and evapotranspiration, as well as the area occu-
pied by vegetation and its characteristics. The same authors conclude that, for selected
analyzed scenarios, a reduction of the precipitation value down to 70% of the annual
average value corresponds to annual recharge down to just 45% of the annual average.

Climatic conditions, such as rainfall, temperature and atmospheric humidity, affects
the volumes of water that are spent by the vegetation cover in evapotranspiration and
those that are transferred to the recharge of the aquifers. Under climate change condi-
tions these climatic parameters are modified, having direct impacts on evapotranspira-
tion and recharge. There is also an associated impact, which is due to the modification
of the vegetation cover, which will affect the volumes of evapotranspiration, surface
runoff, soil water content and, consequently, recharge.



According to studies by Lobo-Ferreira et al. (2012), using BALSEQ model, we ex-
pect that the average recharge of the Torres Vedras aquifer system, in Central Portugal,
will be between 84% and 98% of the recharge of the period 1979-2009, depending on
the series of precipitation, temperatures, and reference evapotranspiration used. For the
2080 horizon, depending on the climatic series used, the average recharge will be 60%
to 82% of the recharge of the period 1979-2009. It is impressive the expected potential
reduction of aquifer recharge that can be observed in Fig. 1 (green, yellow and orange
areas correspond to losses greater than 50% in annual groundwater recharge).

2.2 GALDIT method

The original development of GALDIT index was done in the framework of the EU-

India INCO-DEV COASTIN project, proposed by Chachadi and Lobo-Ferreira (2007),

aiming the assessment of aquifer vulnerability to sea-water intrusion in coastal aquifers.
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Fig. 1 - Relation between the current average and the expected annual recharge for
Scenario 1 in 2071-2100 of the aquifer system of Torres Vedras, Central Portugal

The most important factors controlling seawater intrusion were found to be the fol-
lowing: Groundwater occurrence (aquifer type; unconfined, confined and leaky con-
fined); Aquifer hydraulic conductivity; Depth to groundwater Level above the sea; Dis-
tance from the shore (distance inland perpendicular from shoreline); Impact of existing
status of sea water intrusion in the area; and Thickness of the aquifer, which is being
mapped. The acronym GALDIT is formed from the highlighted letters of the parame-
ters for ease of reference.



In Fig. 2 a comparison between GALDIT scores for normal and raised sea levels in
North Goa coast (left figure for normal sea level and right figure for raised sea level) is
presented. One can easily see which areas will be more affected by see level rise.

2.3  Managed Aquifer Recharge Response Strategy

Managed Aquifer Recharge (MAR) permits the managed conjunctive use of surface-
and ground-water resources and, therefore, is an important component of Integrated
Water Resources Management (IWRM). Decision support for MAR planning in the
context of integrated water resources management, the implementation of a MAR sys-
tem requires careful planning in terms of achieving efficient integration into the water
resources system and the overall water resources management objectives.
Environmental and socio-economic impacts of MAR planning options have been in-
vestigated in this context. The new H2020 MARSoluT project, i.e. a follow-up of FP7
INNO-DEMO MARSOL project addresses MAR research via 12 PhD theses, one of
them under development in LNEC on MAR GW quality in a large physical model.
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Fig. 2- Comparison between GALDIT scores for normal and raised sea levels in North Goa
coast (left and center figures for normal sea level and right figure for raised sea level; high vul-
nerable areas in red)

Water availability during the dry period is nowadays the main constraint for the devel-
opment of the Algarve region. Further exploitation of the already over-exploited
Querenga-Silves aquifer system is no sustainable response strategy to the water supply
problem. The enormous losses of surface water resources in connection with over-ex-
ploitation of the local aquifer systems indicate the necessity of the conjunctive manage-
ment of surface water and groundwater resources in order to guarantee water supply
during droughts, to mitigate their impacts and provide conditions for sustainable devel-
opment of the Querenca-Silves region.

Therefore, MAR is a potential response measure to the prevailing water management
problems of the region, transferring surface water of the nearby Arade Dam to the upper
part of the study area (cf. Fig. 3) and recharging this water to the Querenca-Silves ag-
uifer. The proposed water management response strategy uses the aquifer as a water
transfer and storage system. The high residence times of the infiltrated water in the



aquifer system would guarantee long-term storage of the recharged water in the under-
ground with water recovery by wells in the lower part of the aquifer system located at
strategic places, e.g. Vale da Vila near Alcantarinha. The application of infiltration
techniques would permit the recharge of large volumes of water during the time of
surface water surplus. EC sponsored GABARDINE and MARSOL projects and PT
FCT sponsored PROWATERMAN projects (Lobo-Ferreira et al. 2011) studied the vi-
ability to implement infiltration ponds in the upper parts of the aquifer system by stud-
ying the suitability of areas for MAR implementation. The water recovery by pumping
well groups in the lower aquifer system requires further groundwater modeling efforts
besides those presented in MARSOL White Book on MAR Modelling (Lobo-Ferreira
et al. (2017), available in https://www.researchgate.net).

2.4  GABA-IFI index for optimizing MAR facilities location

For the choice of sites favorable to the recharge GABA-IFI index was developed in FP6
EU GABARDINE Project (Oliveira et al. 2008) allowing the computation of the areas
with more favorable natural conditions for MAR (in particular good recharge; good
space for underground storage, and high residence time of the water in the aquifer sys-
tem). The parameters considered relevant for the assessment of GABA-IFI index are
the distance to the point of discharge of groundwater, the depth to groundwater level,
the vertical transport time and the horizontal hydraulic conductivity. Fig. 3 shows the
application of this index to the aquifer system of Querenca-Silves aquifer in the Algarve
(yellow less suitable; blue opﬁimal place for Me\_R).
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Fig. 3 - GABA-IFI_N index representing more favorable locations to the installation of MAR

3 Concluding Remarks

The growing imbalance between water supply and water demand in many coastal areas
around the World, exacerbated by climate change, population growth, agriculture needs
and urbanization, requires more efficient water resources management. Storing water
in aquifers during times of excess or with treated waste water can help address water



scarcity challenges. Managed Aquifer Recharge (MAR) and Aquifer Storage and Re-
covery (ASR) can be a key to solving water crisis by linking water reclamation, water
reuse and water resources management. MARSOL Policy Brief (Schiith et al., 2019)
mentions that MARSOL operated eight demonstration sites in six countries around the
Mediterranean (Portugal, Spain, Italy, Greece, Malta, Israel) applying various technol-
ogies, i.e. infiltration ponds, river bed infiltration, direct injection wells, canals, river
bank filtration, to infiltrate various water sources, i.e. river water, surface runoff, treated
waste water, desalinated seawater. Now is the time to move on applying MAR, in a
scientific based way, to cope with expected dramatic climate change consequences,
including those in ecosystems dependent from groundwater and sea water intrusion in
coastal aquifers caused by sea level rise. This approach fulfil the hydrogeoethical ap-
proach as “....MAR is a sound, safe and sustainable strategy that can be applied with
great confidence”, confirming uncertainty reduction in MAR modelling in eight
MARSOL demo sites, improving the Campina de Faro, Algarve, groundwater quality.
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