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Executive Summary
Karst terrain accounts for a significant portion of the global land surface at all latitudes and
at all elevations. Karst systems constitute valuable freshwater resources as karst
landscapes have faced a growing demand for their wide range of economic assets, among
which groundwater resources are certainly of the highest importance.
Especially in the Mediterranean coastal areas, with the increased seasonal water shortage
of the over-exploited coastal aquifer, as well as the saline intrusion processes, there is an
immediate need for dedicated investigations for exploiting existing resources in the most
efficient way as well as exploring new ones.
Therefore, to address these typical coastal areas problems, a set of innovative and practical
concepts have been developed and tested in a karstic coastal aquifer for protection,
enlargement and utilization of freshwater resources. These subsurface water solutions
(SWS), coupled with novel pollution remediation techniques, combine innovations in water
well design and configuration, allowing for advanced groundwater management and
maximum control over freshwater resources.
A guide for implementing integrated SWS along with practicing advanced water treatment
techniques and using ICT applications for the case of karstic aquifers has been produced
and is presented in the current document. For the purposes of the SUBSOL project, a typical
Mediterranean environment has been selected to test these technologies: Schinias in the
Marathon plain (Greece).
In order to effectively implement the appropriate SWS in a karstic coastal aquifer, first the
behaviour of the hydrosystem was studied and its particular characteristics were identified.
In particular, research and field activities were performed in the selected site to establish the
current state of the system and monitor the various processes.
Additionally, modelling activities were performed to simulate the behavior of the
hydrosystem and assess the sea water intrusion variability. In particular, modeling activities
at a regional level were carried out to simulate the unconsolidated aquifer layers of Marathon
coastal hydrosystem. The examined scenarios suggested that the optimal solution would be
the one that combines: (i) a wide modification of the pumping scheme -meaning the
reduction of groundwater abstractions within the coastal zone and pumping increase at the
upstream zone where recharge from the karstic aquifer takes place-; and (ii) simultaneous
applications of SWS to tackle local groundwater problems such as groundwater level
dropdown and local seawater intrusion from preferential flow through karstic conduits. With
regard to the pilot scale modelling activities, it was proved that the optimal setup for the SWS
scheme, was the one that involved the continuous pumping from the vertical groundwater
well, while continuous injection was being applied through the upper horizontal directional
drilling well (HDDW).
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After determining the characteristics of the Marathon hydrosystem, the proposed integrated
SWS were designed, implemented and tested. Finally, the behaviour of the system was
monitored and assessed. Improvement activities were also applied to optimize the operation
of the configuration.
The water treatment techniques to process brackish water and reinject it in the upper aquifer
were also explicitly explored. The unit is quite a flexible setup and combines an innovative
AOP-RO hybrid water treatment unit, aiming at reducing both the overall organic and
inorganic load of the source water and to produce high quality water for the artificial recharge
site.
This report also presents the ICT elements that have been developed and installed for the
purposes of implementing subsurface water solutions in a karstic aquifer. First, the remote
monitoring and control component has been created, which can be used to transmit the data
produced by the configuration elements. Second, a data monitoring system has been
developed, in which this data is received, collected and stored permanently in a central
database; the user can there visualize measurements from sensors in a customizable way.
Finally, a tool to identify appropriate locations for efficient SWS installation has been
developed based on the topographical and hydrogeological conditions of the karstic aquifer
areas.
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1. Introduction
Karst aquifers constitute 12% of the global land surface and store water on which
approximately 20–25 % of the world’s population depends; whereas specifically in Europe,
1/3 of the surface area contains this type of aquifer, which supplies water to cities like
London, Bristol, Paris, Montpellier, Vienna and Rome, to name just a few significant
examples, while in some countries, such as Slovenia, Austria, Montenegro and Albania karst
water contributes more than half of the drinking water supply and in many regions it is the
only available source of fresh water (Andreo, 2012). In the past few decades, karst
landscapes have faced a growing demand for their wide range of economic assets, among
which groundwater resources are certainly of the highest importance (Bakalowicz, 2005).
Especially within Circum-Mediterranean, carbonate aquifers offer abundant water resources
of high quality groundwater which are often under-utilised (Andreo & Duran, 2008);
presenting very specific particularities in terms of their hydrologic functioning. Ιn most
Mediterranean countries, carbonate rocks, mainly karstified, offer the main groundwater
resources, which are being exploited for several millenniums as it is proved by ancient water
works on karst springs (El-Hakim and Bakalowicz, 2007). Many studies of carbonate
formations, that undergone karstification, prove that these aquifer systems are of ample
importance due to their role as water supply natural reservoirs within Circum-Mediterranean
(Kattan, 1997; Milanovic, 2004; Fleury et al., 2007; Bailly-Comte et al., 2008; Bakalowicz et
al., 2008; Carrasco et al., 2008; Djabri et al., 2008; Mejias et al., 2008; Daher et al., 2011;
Barbera and Andreo, 2012; Bicalho et al., 2012; Blondel et al., 2012; Chinarro et al., 2012;
Fiorillo et al., 2012; Jimenez-Madrid et al., 2012; Kong-A-Siou et al., 2012; Marin et al.,
2012; Mudarra et al., 2012; Radulovic et al., 2012).
Andreo (2012), analyses a series of research techniques which have been developed,
mainly based on the analysis of the natural response of karst aquifers, and include: (a) spring
discharge (hydrographs), (b) chemical composition (chemographs), (c) temperature and
isotopes (both stable and radioactive). There has also been progress in the implementation
of techniques such as dye tracers, with tracers (especially fluorescent ones) that are
environmentally innocuous and provide a higher sensitivity. Recent experiments have been
done with methods based on natural tracers, such as total organic carbon, natural
fluorescence, turbidity and bacteria from the soil. The combined use of several of these
methods allows the comparison of the results of various research programs and the ability
to reach well-grounded conclusions.
Coastal karst aquifers have an important role as water resources, by means that these
aquifers have hydraulic links with the sea resulting in dominant conduit flow conditions,
submarine freshwater springs and/or natural seawater intrusion into the aquifer through
karst conduits. To study coastal karstic aquifers, one must describe the relationship between
the sea and the karst, i.e., the phenomena of saline intrusion, and submarine discharges of
fresh- or brackish water (Fleury et al. 2008). Investigation of these relationships requires a
study of the characteristics of the conduits where the exchanges between the sea and the
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aquifer occur. It begins with a geomorphological investigation of the system and an analysis
of its hydrological functioning, which is based on the flow records from the coastal or
submarine spring and the conduit letting in seawater. An analysis of the salinity record is
also necessary. Coastal karstic systems in Southern Europe are one of the most typical
freshwater aquifers of the region, while most of them are exploited for water supply
purposes. Figure 1, shows the spatial distribution of some of the most important coastal
karstic systems in Southern Mediterranean.

Figure 1. Major coastal aquifer systems of Southern Europe (Biondic et al., 2005).

1.1 Karst terrain
Karst is a terrain with distinctive landforms and hydrology arising from high rock solubility
and consequently well-developed solution-channel (secondary) porosity. It is normally
formed on carbonate rocks, such as limestone and dolomite, or evaporites (Ford, 2004).
Rainwater becomes acidic as it comes into contact with carbon dioxide in the atmosphere
and in the soil. As it drains into fractures in the rock, the water begins to dissolve away the
rock, enlarging the joints and bedding planes and creating a network of underground
conduits (Gunn, 2004). These conduits can vary in size from slightly enlarged cracks to
tunnels many metres in diameter and many kilometres in length. Over time, the process of
dissolution leads to the development of dolines, caves and shafts, sinking and underground
rivers, large springs and karst poljes typical of a karst landscape (Figure 2).
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Figure 2. Diagram of typical karst landscape and its hydrological characteristics.
Source: Bakalowicz M. (2005)

In the underground, infiltrated water flows mostly vertically toward the water table. On its
way it enlarges the fissures by corrosion and creates a system of interconnected flow paths
of various sizes. Therefore, the structure and functioning of karst aquifers differ significantly
from non-karstic aquifers (e.g. intergranular). For karst aquifers very high permeability and
high groundwater flow velocities, various types of flows and usually unknown flow paths are
characteristic (Ravbarab & Šebelaa, 2015).
Karst systems constitute valuable freshwater resources as these aquifers are definitely
characterised by the presence of conduits and large voids in which storage and flow are
considerable. Karst hydrology is generally characterised by rapid infiltration of recharge
waters, high permeability of the underground and heterogeneous underground flow along
karst channels towards springs.
Due to all described characteristics, the karst aquifers are extremely vulnerable to various
sources of contamination without significant attenuation (figure 3). High permeability of karst
rocks enables fast infiltration of water from surface to the underground, and from there on a
very rapid transport of pollution, far away from the point of injection and through usually
unknown paths. Together with water also the pollution spreads quickly and endangers water
resources. Once damaged, karst surface and underground environments take a long time
to recover, and the process is a difficult one. For this reason, karst must be holistically
managed in an appropriate and careful manner.
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Figure 3. Diagram showing reduced self-cleaning capacities of karst environments in comparison to other
environments, and possible anthropogenic impacts on the karst underground.
Source: Ravbarab & Šebelaa (2015)

Due to a heterogeneous structure of karst aquifers it is very difficult to simulate the
groundwater flow and transport of harmful substances. This is additionally complicated by a
great variability of the characteristics of aquifers at different hydrological conditions. The
reaction to various negative factors is therefore specific and significantly different than in
other environments. For the assessment of the impact of human activities on karst waters
these specific properties have to be properly considered. A good understanding of the
characteristics of karst aquifers is essential for their efficient protection.

16

1.2 Brackish karst aquifers
Brackish karst springs are common along every karstic sea shore consisting of limestone
and dolomite. Most of the karst submarine and brackish coastal springs of the world
discharge along the Mediterranean coasts.
The increasing water demand and the thought of lack of freshwater because of climate
change make that relevant investigations about this non-conventional water resource
significant. From the standpoint of water supply, the problem of karst spring water
salinization is quite significant because large quantities of high-quality freshwater are not
available to be used either as drinking water or for industrial and agricultural purposes.
The salinity of brackish karst springs in the Mediterranean coastal areas varies significantly
during the year. In the wet winter period, when water quantities in the region are abundant,
the salinity is quite low. However, in the warm and dry summer period the chloride
concentration is high. At that season, when a shortage of freshwater in the region occurs,
especially due to tourism, karst spring water is so salty that it can barely be used. The
mechanism of sea water intrusion is relatively well known but the problem of karst springs
desalinization has not been solved in practice.
Coastal karst aquifers are subject to sea water intrusion, under natural conditions. They also
may discharge partly into the sea or into coastal lagoons, at depth down to few tens meters.
Sea water intrusion as well as submarine springs are obviously related to changes in the
karst base level, in connection to either tectonic subsidence or sea level rise.
The very complex evolution of Mediterranean karsts has some important hydrogeological
consequences on groundwater resources:
– it exists deep karst features, which are flooded and work as huge storage structure in very
wide aquifers;
– vertical conduits, which were created as karst inputs, act as drains for this deep storage
and as present-day outputs;
– conduits existing below sea level may work as output of freshwater directly in the sea as
well as input of sea water, depending on difference in water heads and water density
between sea and freshwater;
– the phreatic zones may leak directly in the sea through open or clogged conduits or
fractures.
In the Mediterranean coastal areas, karst aquifers are one of the most interesting potential
water resources. Therefore, water use requires dedicated investigations for exploiting
existing resources in the most efficient way as well as exploring new ones.

17

1.3 Karst aquifer systems in Greece
In Greece, carbonate formations are thought to be one of the most important sources for
various water uses, that are vital for the country’s economy and development, that is
agriculture and water supply. In most cases, they are considered as integral parts of some
of the most strategic hydrosystems in Greece, containing surface water and groundwater
resources that secure water supply for several human activities.
Daskalaki and Voudouris (2008), in their review for the groundwater quality in Greece,
identify the following geological formations:
Neogene (silt, marl, sandstone, and conglomerates) and Quaternary deposits; that cover
about 30% of Greece, and
Carbonate formations, that cover 35% of the total area, mainly in central, western and
southern parts of Greece, and
Impermeable formations (flysch, metamorphic and volcanic rocks, ophiolites, etc.).
Carbonate rocks cover more than 35% of Greece and many of them are cropping out at the
coast (Figure 4).

Figure 4. Spatial distribution of karst aquifer systems in Greece (Kallioras and Marinos, 2016).
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Several regions could have been chosen as representative examples for this country,
however some stand out on the others: i) Central Greece (i.e. South Parnassos and Ghiona
aquifers) with brackish water because of seawater intrusion influence, ii) A. Kifisos-ParnithaPateras and Hymittos aquifers with karstic conduits 150 m below sea level, iii) Eastern
Peloponnese (Tripoli and E Argolis aquifers) with high discharge of water to the sea from
submarine springs and iv) Crete Island with the famous Almyros spring that can discharge
over 50 m3/s in floods (Calaforra et al., 2005; Monopolis and Mastoris, 1969; Breznik, 1971;
Breznik, 1978; Burdon, 1964; Burdon and Papakis, 1964).

1.4 Karstic aquifer systems of Attica Region
The basin of Athens is topographically defined by the surrounding karstified aquifer systems
that are developed within the mountains of Aegaleo, Parnitha, Hymettus and Pendelikon.
The karstic system of Hymettus (Georgalas and Koumantakis, 1997) is mainly developed
within dolomitic marbles and thrusted limestones. The presence of schists within the area
results in the formation of contact springs (most important being the Spring of Kaesariani),
while drilled groundwater wells within the aquifer layers usually have a discharge of app.
0.01-0.02 m3/s. The aquifer is hydraulically connected to the sea, where also submarine
karstic springs have been identified (mainly in the region of Vouliagmeni).
The karstic system of Parnitha is developed within limestone formations that overlay the
schists (basement) of the Pelagic Zone. The aquifer system of Parnitha is quite well
developed, and it partially discharges through the brackish springs of Kalamos within the
Euboean Gulf . The area of Kalamos was initially exploited for the water supply of the local
communities, however due to high chloride concentrations, the Athens Water Supply and
Sewerage Company (EYDAP S.A.) installed a cluster of deep groundwater wells in the area
of Mavrosouvala -upstream of the previous area-, that produce water of good quality for the
water supply of the region (app. 50×106 m3 per annum).
The karstic system of Penteliko is developed within the marbles of the Panteliko mountain
and was discharging through a system of karstic springs of Kefalari (Kifisia, Athens).
However, due to high abstraction rates through drilled wells in the area, this system of
springs has been dried.
Finally, the karstic unit of Aegaleo, is developed within dolomitic and limestone formations
and discharges through the lake Koumoundouros as well as through a number of submarine
karstic springs which are expanded through the coast of Skaramagka. Koumantakis et al.
(1997) mention the above coastal zone is highly contaminated from high chloride
concentrations due to seawater intrusion.
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Table 1. General characteristics of the karstic aquifer formations of Attica region
Area (km2)

Annual discharge
(hm3/yr)

Discharge location

S. Parnitha & Aegalao

510

157

Saronikos Gulf

Kithaerona

260

75

Euboikos Golf

Gerania

250

50

Euboikos Golf

Pendeli

250

50

Euboikos Golf

Hymettus

110

50

Euboikos Golf

NE Parnitha

300

50

Euboikos Golf

Name

Source: based on Koutsoyiannis and Marinos, 1995; MinDev, 2003

1.5 Water pressures in coastal areas
The main water resources pressures identified in coastal areas include the increased water
demand along with the impact of climate change (figure 5).

Increased
water demand

 seasonal water
shortage
 saltwater intrusion
 water & soil
degradation
 disappearance of
wetlands

Water
pressures

Climate
Change
Impact on freshwater resources
and ecosystems thus also on the
activities that are connected with
water uses: agriculture, tourism,
etc.
Figure 5. Water issues in coastal areas
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Therefore, there is a seasonal water shortage of the over-exploited coastal aquifer, as well
as saline intrusion, water, soil and wetland degradation, resulting in adverse effects on
activities connected with agriculture and tourism as well as on the ecological processes of
the ecosystems.
To address this typical problem of the coastal areas, a set of innovative, practical concepts
have been developed for protection, enlargement and utilization of freshwater resources in
coastal areas. These subsurface water solutions (SWS) combine innovations in water well
design and configuration, allowing for advanced groundwater management, and maximum
control over freshwater resources.
Through SUBSOL, these SWS configurations coupled with novel pollution remediation
techniques for the pumped water, have been tested in a karstic coastal aquifer, in order to
address a typical problem of the Mediterranean region: saltwater intrusion. As a result, a
guide on integrated SWS along with advanced water treatment techniques and ICT
applications for the case of karstic aquifers has been produced and is presented in the
current document.
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2. Building up knowledge around the site of a karstic coastal
aquifer
In order to effectively implement the appropriate subsurface water solution in a karstic
coastal aquifer, first the behaviour of the hydrosystem should be studied and its particular
characteristics should be identified. In particular, the selected site is evaluated and research
activities to establish the current state of the system are conducted, in order to implement
the appropriate subsurface water solutions.

2.1 Research and field activities
The main research and field activities to build up knowledge around the site include
groundwater hydrology and subsurface investigations. In particular, the following activities
are necessary to investigate the system:
o Quantitative hydrogeological measurements
o Monitoring of all hydrologic zones
o Geophysical surveys
o Groundwater modeling
o Groundwater quality monitoring
o Subsurface multi-level soil investigations
o In-situ hydraulic tests
One of the main research activities for designing an integrated SWS system in karstic aquifer
includes the establishment of an adequate monitoring program, in order to provide data
collection and analysis, evaluation of the results and development of a method for the
recovery of the aquifer. For this process, it is important that the involved stakeholders in data
acquisition need to be identified and consulted.
Part of the hydrological field measurements target to the quality of the groundwater of both
the alluvial as well as the karstic aquifer of the coastal aquifer system. This investigation
focuses on the hydraulic connection between the surrounding karst aquifer units, the natural
recharge conditions of the alluvial aquifer from direct precipitation and percolation from
surface water bodies as well as the intrusion of seawater (subsol D2.3).
The research activities (see subsol D2.3) include several tasks, which refer to surface
geophysical investigations and remote sensing, hydrogeophysics and field analysis as well
as groundwater quality monitoring (figure 6).
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Figure 6. Research activities tasks

The field activities include data collection from previous studies, survey of existing
groundwater wells, shallow wells within the alluvial formation, deep wells within the marble
layer, geological mapping for groundwater model boundaries definition, groundwater
sampling campaigns in the alluvial and karst aquifers as well as a series of infiltration tests
within the alluvial aquifer to calculate the infiltration rate at selected locations (Double ring
infiltrometer, Parameter Equation by Philip, 1957), (figure 7).

Figure 7.Infiltration tests

Field technologies include multilevel porewater sampling, deep Time Domain Reflectometry
(TDR) sensors, etc. With regards to the laboratory technologies advanced chemical
analyses of infiltrating groundwater as well as TDR signal processing can be used. The
monitoring scheme includes alluvial aquifer monitoring as well as karst aquifer monitoring
(figure 6).
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Extensive geophysical investigations are also executed in order to assess the extent of the
freshwater lens (figure 8).

Figure 8. Geophysical investigations

Additional monitoring network can be installed with regard to shallow boreholes for the
investigation of the alluvial aquifer, wadi discharge measuring points and installation of
pressure transducers and multiparameter probes for monitoring hydraulic heads and salinity
fluctuations at selected points above. Spatial TDR within the alluvial valley can be set to
monitor wadi water level. Groundwater sampling campaign can be performed in both alluvial
and karst layers for isotopic signatures (figure 9).

Figure 9. Stable isotope signatures of 2-H and 18-O, for the groundwaters of the alluvial and karstic aquifer
layers of Marathon.

24

2.2 Monitoring water parameters
In a karstic coastal aquifer, intrusion of seawater in the upper levels of groundwater is a
constant and escalating problem. The water quality of the lower karstic aquifers, although
expected to be of higher quality and lower inorganic load, is not always well documented
and analysed.
Few data are often available and objective difficulties in the assessment of the karstic water
quality remain unsolved: unregistered urban solid waste disposal, unaccounted toxic
pollution from various streams and interconnection of groundwater aquifers has not been
thoroughly studied. Limited data are often available on the use of pesticides (introducing
organic pollution) and fertilisers (introducing inorganic pollution of nitrates and phosphates).
In particular, two types of pollutants are usually expected to be present in the hydrosystem:
a) Inorganic pollution in the form of salinity due to the possible intrusion of seawater, the
increased dissolution of minerals from the underground karstic geological formations or the
gradual penetration of fertilisers;
b) organic pollution in the form of PCBs, PAHs, oil and fuel additives or various pesticides.
It is noteworthy that concentrations and types of pollutants could vary among different
sampling areas and time periods, based on rainfall or climatic conditions, and on random or
systematic types of anthropogenic pollution.
Since the available data on the quality of the karstic aquifer to be used for recharging upper
water levels, is often quite limited, it is crucial to assess its quality, based on the
concentration of inorganic and organic content and to implement novel groundwater
remediation techniques, able to remove pollutants that are currently or could be implicitly
present under the appropriate physicochemical conditions.
Regarding inorganic pollution, the analysis results can be introduced in a GIS database in
order to specify the range of seawater intrusion and the occurrence of other pollutants in
both groundwater units (unconsolidated and karstic aquifer). In particular, a large number of
sampling points are used (both for the karstic and the alluvial aquifer), two campaigns per
year (wet and dry season) and several chemical elements for each sample.
To monitor the range of seawater intrusion in a polluted aquifer, chloride is often used as an
indicator. The qualitative status of coastal aquifer system is illustrated through the chlorine
concentration of the alluvial aquifer.
There are cases where concentrations of heavy metals and petroleum residuals have been
detected in environmental samples. Furthermore, various agricultural and stock-raising
facilities are located near the source of water, with little or no data regarding their production
of waste or use of chemical substances through their productive process.
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In summary, in order to receive credible and updated data regarding the quality of water in
the system where the proposed SWS will be implemented, a monitoring wells inventory
should be created that has water table depth measurements, chemical analysis (major ions,
heavy metals) and indication about which aquifer each well or drill exploits (table 2).
With regard to the chemical analyses there are different types to be carried out:
(i)
(ii)
(iii)

basic chemical composition of groundwater samples from the saturated zones of
both the alluvial and karst aquifer;
isotopic composition of groundwater samples from the saturated zones of both
the alluvial and karst aquifer;
chloride and EC measurements from extracted porewater within the unsaturated
zone of the alluvial aquifer.

The groundwater samples from the saturated zone should be collected on frequent basis in
the form of campaigns from both karstic and alluvial aquifer, during the wet and dry periods.
Physicochemical parameters such as Specific Electrical Conductivity, pH, Temperature and
Dissolved Oxygen are measured in-situ, while the water samples are transferred to the
laboratory, where chemical analysis is conducted for their basic ionic composition (Ca 2+,
Mg2+, Na+, K+, HCO3-, SO42-, Cl-, NO3-). The processing of these results shall illustrate the
seawater intrusion impact as well as the vulnerability in terms of nitrate concentrations.
In order to identify specific hydrologic processes within the unsaturated and saturated zone,
samples for stable isotopic analysis of 2H and 18O can be taken. For the investigation of
unsaturated zone, a sampling campaign of multi-level undisturbed soil samples is conducted
during the wet period, using portable vibro-coring technologies. The above leads to the
successful retrieval of undisturbed soil samples through the unsaturated column providing
in depth analysis of the hydrogeological properties of the soil matrix as well as of the
chemical and isotopic composition of the pore water (after appropriate water extraction
technique is applied). Also, pore water extraction can be applied for the estimation of
electrical conductivity and chloride concentrations in the pore waters of the alluvial aquifer,
on a multi-level basis down to 3m coring depth (e.g. through azeotropic distillation
technique).
In connection to the above tasks, the following activities can be implemented:
(i)
(ii)
(iii)
(iv)
(v)

chemical analyses of groundwater samples from the saturated zone of the alluvial
and karstic aquifer (wet period);
isotopic composition of groundwater samples for the dry and wet period;
different porewater extractions for further investigations of stable isotopic
composition in the unsaturated zone;
estimation of hydraulic conductivities from soil samples in the unsaturated zone
measurements of permeability.
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Table 2. Monitoring water parameters

MONITORING WATER PARAMETERS
Water quality measurements
Parameter
Physico-chemical parameters
(SEC, pH, T, DO)
Major ions
Trace elements
Cations: Na, K, Mg, Ca, Sr, Ba
Anions: SO4, Si, S, HCO3, Cl
Stable Isotopes (δ18O, δ2H)
Physico-chemical parameters
(SEC, pH, T)
Samples of rainwater
Other parameters (ex. pesticide
residues, heavy metals etc.)

Frequency

Measurement type

Measurement style

Monthly

In situ

Campaign

Monthly
Monthly
Monthly
Monthly
Every 2 months

In laboratory
In laboratory
In laboratory
In laboratory
In laboratory

Campaign
Campaign
Campaign
Campaign
Campaign

10mins

In situ

Automatic

Not available

In situ

Automatic

Other

In laboratory

Campaign

Hydrological measurements (surface & groundwater)
Parameter
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Stream Discharge

Frequency
Monthly
10mins
10mins
10mins
10mins
10mins
10mins

Measurement type
In situ
In situ
In situ
In situ
In situ
In situ
In situ

Measurement type
Campaign
Automatic
Automatic
Automatic
Automatic
Automatic
Automatic

Parameter
Aquifer hydraulic parameters

Frequency
Not available

Measurement type
Campaign

Recharge rate

Not available

Water content profile

Not available

Measurement type
Pumping tests
Double ring infiltration
test (in situ)
In situ

Field work

Campaign
Campaign

Water treatment plant measurements
Parameter
Physico-chemical parameters
(SEC, pH, T, TOC, turbidity,
COD)
Cations: Na, K, Mg, Ca, Sr, Ba
Anions: SO4, Si, S, HCO3, Cl

Frequency

Measurement type

Every 15 days

Water treatment plant

Every 15 days
Every 15 days

Water treatment plant
Water treatment plant

Other data that need to be studied and considered are lithological records, longtime series
of piezometric level and the locations of all the wells (subsol D2.3).
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2.3 Modelling processes
Modelling activities and processes to simulate the behavior of the hydrosystem and assess
the saltwater intrusion, in order to implement the appropriate SWS configuration, include:
o
o
o
o
o
o
o
o

Simulation of multi-aquifer system for alluvial and karst units
Calibration under steady state conditions
System conceptualization based on historical data and newly acquired field data
Spatial representation of the concentration of chloride ions to monitor the seawater
diffusion in an aquifer: the AkvaGIS module
Participatory driven scenarios
Contaminant transport
FARM `USGS module for agricultural water optimization
System response after full scale implementation of the pilot

The modelling work includes two different scales of the pilot case:
(a) the simulation of the unconsolidated aquifer layers of Marathon coastal hydrosystem
(regional model), as described in chapter 5. This conceptual model took into consideration
geological, hydrogeological, hydrological, geophysical data (existing and recently collected
field data), as well as geographical information such as land cover, land use, DEM.
(b) the simulation of various scenarios at the local scale of the Schinias site (pilot model),
designed and applied by a synthesis of different pump and recharge combinations, that
follow the main principles of SWS solutions, as described in chapter 6.
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3. Implementing integrated SWS in karstic aquifer
3.1 Description of the Marathon plain (regional scale)
3.1.1 General setting
Marathon coastal plain is located at the NE of Attica (Greece) and extends to an area of
app. 40 km2. It is characterized as a typical Mediterranean environment that includes a
naturally occurring -and presently degraded- coastal wetland with the characteristics of a
distinct ecosystem linked to a typical coastal hydrogeological system of a semi-arid region.
The area suffers from significant surface and groundwater degradation issues due to recent
human activities. More specifically, the main issues regarding water resources management
in the area of Marathon are as follows (Figure 10): (i) the construction of a water supply
reservoir that was built in 1929 by EYDAP (Water Utility of Athens), that caused a major
impact on the surface water resources of the area; (ii) the construction of the Olympic
Rowing Centre of Schinias, in 2003, that had a major impact on both the recharge of the
alluvial aquifer as well as on the recharge of the adjacent wetland; (iii) groundwater pumping
from the alluvial aquifer for satisfying the irrigation needs of the agricultural part of Marathon
area.

Figure 10. General characteristics of Marathon coastal aquifer system.
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3.1.2 Hydrogeological setting
The hydrogeological system of Marathon involves two hydrogeological formations with
different characteristics, as shown in the hydrogeological map of Figure 11. The karstified
marbles formation is divided in 5 units according to Melissaris and Stavropoulos (1999), with
a varying thickness that exceeds 400 m. The karstic system discharges into both the coastal
alluvial aquifer of Marathon and the Mediterranean Sea by means of diffuse flow as well as
through a number of coastal and submarine springs. A major discharge point of the local
Marathon marble unit at the NE part of the area is Makaria spring with a mean discharge
rate of 810 m3/h (Perleros, 2001). The alluvial aquifer that extends in the plain of Marathon
has a varying thickness that reaches 80m, with hydraulic conductivity that ranges between
10-6 and 10-5 m (Siemos, 2010). This granular aquifer is composed of sediments of different
grain size such as clay, silty clay, gravels and sands, and is considered unconfined within
most of its area of extent, while the presence of fine-grained material at some specific parts
are responsible for confined conditions within the aquifer (Subsol D2.3).

Figure 11. Hydrogeological map of Marathon coastal area

The unconsolidated formation is recharged mainly through (Figure 12): (i) direct infiltration
from precipitation; (ii) lateral inflows from the surrounding karstified marbles; (iii) irrigation
return flows; and (iv) the karstic spring of Makaria at the upstream part of the aquifer.
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Figure 12. GW budget components of coastal alluvial aquifer of Marathon

Both karstic and unconsolidated aquifers suffer from seawater intrusion as a result of the
groundwater pumping and mismanagement of both formations. The problem is more
pronounced in the upper granular aquifer, which is an effect of the multiple groundwater
drilled boreholes and dug-wells that are used to satisfy the agricultural water needs of the
area.

Figure 13. Piezometric surface of the granular aquifer of Marathon plain (October 2015).
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The piezometric map of Figure 13, shows distinct recharge axes within the karstic
boundaries of the study area with groundwater recharge originated from the marble unit with
directions N-S, NW-SE & NE-SW, while the aquifer discharges into the Mediterranean Sea.
The piezometric map of Figure 13, shows the typical hydrodynamic conditions that generally
appear in the alluvial aquifer, throughout the entire hydrologic year, with minor differences
between dry and wet period (before and after the irrigation period). The above map proves
the significant hydraulic connection between the alluvial and the surrounding karst aquifer;
while the distribution of the hydraulic heads suggests passive seawater intrusion conditions
(subsol, D2.3).
3.1.3 Monitoring scheme
A detailed investigation was conducted in Marathon plain -initiated in June of 2015- in order
to identify the hydrogeological conditions of the study area, in terms of the hydrodynamic
relation between the karstic and granular aquifers and both aquifers and the sea.

Figure 14. Monitoring network for karstic and unconsolidated aquifer of Marathon Plain.
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Survey data of prior studies for the two hydrogeological units were also taken into
consideration as part of the research scheme (Melissaris and Stavropoulos, 1999; Siemos,
2010; Koumantakis et al., 1993). The monitoring scheme involved the development of an
inventory of dug-wells and boreholes, which was utilized for monitoring both aquifers,
whereas sampling/measuring campaigns systematically take place since October 2015
(Figure 14).
Although there is a limited number of existing boreholes within the deeper karstic formation,
the monitoring points in this aquifer layer are distributed uniformly along the northern
hydraulic and hydrogeologic boundaries of the area of interest. The above, greatly
advantaged the support of the alluvial aquifer model by means of setting the boundary
conditions along the contact between the two formations.
The conducted field campaigns included in-situ measurements of water level, Electrical
Conductivity, pH, T and Dissolved Oxygen. The chemical analyses for the above samples
included the measurement of major ions (Ca2+, Mg2+, Na+, K+, HCO3- , SO42-, Cl-, NO3-, NO2, NH4+), while isotopic analysis (stable isotopes 18-O and 2-H) took place for indicative
sampling periods. Both chemical and isotopic analyses were used for the development of
the conceptual groundwater flow and contaminant transport model.
Figures 15 and 16 present the distribution of Specific Electrical Conductivity (μS/cm) and
chloride concentration (mg/lt) in the alluvial and karstic aquifers of Marathon. The SEC in
the alluvial aquifer varied in the range of 1250 to 6540 μS/cm while in the karstic unit it does
not exceed 2660 μS/cm; both indicating seawater intrusion at both aquifer layers. In Figure
14, the chloride concentration distributed in the alluvial aquifer follows the same distribution
pattern of SEC as in Figure 6. High values of SEC correspond to high values of chloride
ions, a fact that confirms that salinization of the aquifer and clearly illustrate the seawater
intrusion conditions in the mainland. For the alluvial aquifer, the most affected parts are
those that are in direct hydraulic contact with the sea, whereas the highest concentration of
ions has been recorded in the central part of the area (EC: 6540 μS/cm and Cl-: 1651 mg/lt)
as a result of the increased groundwater pumping related to agricultural activities. The
salinity in the unconsolidated formation decreases as the aquifer reaches the marble
formation at the northern and NW part of the plain with the lowest value of Cl and SEC being
at 161 mg/lt and 1250 μS/cm respectively. This area is directly recharged by lower salinity
water of the karstic aquifer at the point of Makaria spring.
The quality of the groundwater in the karstic formation is a controversial issue as the source
of salinity has been in question with variable scientific hypotheses (Stavropoulos and Tzima,
2001). Apart from this fact, the high level of ion concentration is affected by karstic
groundwater abstraction. SEC within the karstic layer is much lower than in the
unconsolidated unit with values that range between 1120 and 2660 μS/cm and chloride
concentration between 110 and 575 mg/lt. The lowest concentration is observed in the

33

surrounding area of Makaria spring, a fact that verifies that the spring is a major recharge
point of freshwater for the alluvial unconsolidated formation.

Figure 15. Distribution of Electrical conductivity in Marathon plain (October 2015).

Figure 16. Distribution of Chloride concentration in the plain of Marathon (October 2015).
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Tables 3 and 4, provide a statistical overview of the groundwater samples, for the granular
and the karstic aquifer respectively.
Table 3. Statistics of chemical analysis of 26 groundwater samples in the granular aquifer.

Parameter

Min

Max

Average

St. Dev.

Ca

128.15

621.55

261.729

96.642

Mg

3.89

314.93

51.89

60.343

Na

110.4

674.0

334.981

160.933

Cl

161.0

1651.0

710.769

417.838

HCO3

55.73

604.32

396.729

126.824

SO4

55.0

530.0

206.346

118.782

TEMP

18.3

23.0

20.284

1.257

pH

6.82

7.68

7.119

0.213

Table 4. Statistics of chemical analysis of 5 groundwater samples in the karstic aquifer.

Parameter

Min

Max

Average

St. Dev.

Ca

147.38

243.49

186.123

42.587

Mg

7.776

46.66

24.119

19.536

Na

109.6

310.4

227.7

91.366

Cl

110.0

575.0

454.75

90.164

HCO3

296.0

545.88

424.02

129.488

SO4

25.0

500.0

200.0

207.002

TEMP

19.4

20.5

19.825

0.472

pH

6.9

7.43

7.178

0.245

The concentration of the major ions in the groundwater samples of the study area appear
highly variable. The dominant anions in the area under investigation are Cl- and HCO3- while
the dominant cations are Na+ and Ca2+. The most common water type for both karstic and
granular formations is Na-Ca-Cl-HCO3, proving the hydraulic connection between the two
different aquifer units and the seawater. The high concentrations of bicarbonate and calcium
ions is directly related to the presence of carbonate rocks, the matrix in which the karstic
aquifer is formed (marbles), hence, the dissolution of calcium carbonate. The mixing of
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freshwater with seawater is indicated by the high levels of Na + and Cl- ions; where high
concentrations of Ca2+ at certain locations may be due to cation exchange processes at the
fresh-saltwater interface.
The hydrogeological conditions in the unsaturated zone was also considered an issue of
paramount importance for the purpose of the conceptual model development, with respect
to the alluvial aquifer of Marathon. For this reason, extensive unsaturated zone monitoring
studies took place during this project, including multi-level undisturbed soil sampling using
direct-push vibro-coring technologies (Figure 17).

Figure 17. Unsaturated zone monitoring and sampling locations.

The grain size analyses carried out in three adjacent boreholes for two representative
locations and are presented in Figure 18 and 19 (connected to the sampling locations of
Figure 17). The results in Site A showed that soils in the upper 1 m consist of silt (50-65%)
and sand (32-38%). The dominant sediments (up to 2,5 m depth) are gravels (60%) while
clay is less than 2 percent. In Site B, soils consist mainly of silt (40-70%) and sand (20-40%).
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Figure 18. Grain size vertical distribution within the upper part of the alluvial Marathon aquifer (Part A)

Figure 19. Grain size vertical distribution within the upper part of the alluvial Marathon aquifer (Part B).
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3.2 SWS application in Schinias pilot site (local scale)
3.2.1 Introduction
The coastal plain of Marathon forms an area with extensive agricultural land use,
accommodating outdoor plant productions and greenhouses and a tourist resort that is
overpopulated especially during summer period. The former activities are related to
significant amount of water demands with high quality, while the main source of freshwater
in the area is the local coastal aquifer system. Mismanaged exploitation of groundwater
resources has led to seawater intrusion, seasonal imbalance between water supply and
demand and shortage of available groundwater resources so that the storage and supply
process within the aquifers is greatly affected. A MAR solution is vital for the restoration of
the groundwater system, in terms of quality and quantity, as well as to restrain the effect of
seawater intrusion in the aquifer.
The particular pilot exploits a rather typical context found in areas with karstic aquifers: the
alluvial aquifer in use by both the wetland and agriculture, is sitting on top of a karstic aquifer,
discharging relatively good quality water straight to the sea. Thus, the pilot attempted to use
this karstic water resource, to treat it with novel pollution remediation techniques (Reverse
Osmosis and Advanced Oxidation Methods) and to reinject in the alluvial aquifer.

Figure 20. Hybrid conceptualization of SWS technologies in Mediterranean coastal environments
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The aim of Schinias SWS replication is the utilization of deep groundwater resources of
impaired quality from a coastal karstic aquifer, in order to artificially recharge the upper
salinized unconsolidated formation. The concept that presented in Figure 20, was adapted
in Schinias field site and designed taking into consideration the specific features of the
hydrogeological system and the topography of the selected location as well as the available
facilities in the area, in the idea of a cost-efficient planning and operation.
The pilot research and engineering concepts include the following steps:
o

Utilization of deep groundwater resources of karst aquifer

o

Advanced treatment of brackish groundwater

o

Dual use of treated groundwater to benefit (a) seawater intrusion barrier along
the coast and (b) restoration of wetland, which is a win-win case

o

Multi-directional drilling and MAR optimization schemes

After determining the characteristics of the system, the proposed solutions are designed,
implemented and tested. Finally, the behaviour of the system is monitored and assessed.
Improvement activities can then be applied if necessary to optimize the operation of the
configuration.
3.2.2 Pilot general setting
In order to design the appropriate SWS for the specific Mediterranean area, first the
characteristics of the setting need to be defined. The selected site that the SWS in karstic
aquifer has been tested was Schinias, located in the Marathon plain, and characterized as
a typical Mediterranean environment that involves a naturally occurring and today degraded
coastal wetland with the characteristics of a distinct ecosystem linked to a typical coastal
hydrogeological system of a semi-arid region.
The general features of Marathon plain include the typical land uses of the Mediterranean
areas, small settlements, agricultural activities with greenhouse facilities as well as the
largest coastal wetland in the region of Attica along with the Schinias Natural Park. The area
also hosts the Schinias Olympic Rowing and Canoeing Centre, constructed for the Olympic
Games of 2004, that has changed significantly the hydrological regime of the area.
Such coastal environments are considered important ecosystems that provide valuable
services to human population, such as agricultural and touristic activities. These activities
usually induce surface and groundwater deterioration by means of water resources
degradation and seawater intrusion in the inland (Melloul and Goldenberg, 1997; PulidoLeboeuf, 2004; de Montety et al., 2008; Kazakis et al., 2016). As most coastal Mediterranean
hydrosystems, the coastal plain of Marathon faces severe surface and groundwater
degradation issues due to recent human activities.
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In the specific case, the hydrogeological setting, which is a typical Mediterranean system,
includes the following items (figure 21):
o Inflow to the karstic aquifer mainly originating from precipitation during the wet period
of the hydrological year.
o Defuse recharge from the alluvial aquifer and the wadi.
o Outflows of the aquifer are the discharge to the alluvial aquifer and the karstic springs
of Makaria.

Recharge from precipitation
Diffuse recharge
(potentially)

Alluvial aquifer
KARST AQUIFER

Coastal and submarine
springs

Figure 21. Hydrogeological setting in Marathon plain

The main hydrogeological units of the area involve a multi-layer aquifer system that consists
of:
(i)
(ii)

an upper unconsolidated formation dominated mostly by alluvial quaternary
deposits
a surrounding and underlying karstified marble units.

Both aquifers are subjected to intensive pumping conditions due to agricultural activities in
the largest part of the plain. As a result, seawater intrusion has affected the groundwater
within both formations; however, it is more pronounced in the upper unconsolidated layer
(Melissaris and Stavropoulos, 1999; Siemos, 2010), (figure 22).
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Figure 22. Hydrogeological map of Marathon

3.2.3 Pilot site selection
The location used for the setup is the Olympic Rowing Center of Schinias due to the
available facilities and the accessibility to the “Makaria” karstic spring channel that was used
as a pumping point of karstic water. The quality of the injected groundwater, is secured
through an advanced water processing unit that was placed at the southern side of the
Rowing Center and offers flexible treatment technologies for SWS schemes (Figure 23). The
treatment techniques of the unit include an Advanced Oxidation Process (AOP) unit for the
reduction/removal of organic pollutants and a Reverse Osmosis (RO) unit for the reduction
of salinity (total dissolved solids). Both AOP and RO units are controlled and monitored
remotely, while the whole structure is flexible and mobile for future use in several pilot sites.
After the treatment plant, the karstic water is transferred through a pipe to the injection point
that is located at the eastern part of the plain, at a distance of 300 m from the shoreline,
where there is severe intrusion of seawater to the inland. The structure combines different
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“SWS” techniques as a vertical and a horizontal well (HDDW) have been drilled for the
experimental scale aquifer desalination. Different scenarios will be followed during the
experiments by altering the abstraction and injection processes between the two wells.

Figure 23. SWS application flow diagram in Schinias SUBSOL pilot site.

In summary, for the selection of the appropriate site, specific criteria that are typical for
Mediterranean coastal areas are considered:
o Karst system of high groundwater potential
o Hydrogeological conditions
o Groundwater environmental problems
o Land use and agricultural activities
o Touristic activities
o Alternative groundwater resources utilization
o Artificial Recharge (AR) site specific conditions (figure 24)
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Figure 24. Artificial Recharge (AR) site specific conditions
(Adapted from Baeteman C. 1985)

3.2.4 Pilot permit procedures
In order to implement the pilot SWS, a full permit procedure should start at an early stage of
the project as it could be a long and time-consuming process. This procedure includes
informing the involved stakeholders on the configuration planning and on the various
construction activities.
The most important permits for the specific types of activities include the following:
 Environmental permit, which is a special permit in cases of protected areas. In the
specific pilot, the Management Board of Schinias National Park provides official
permit and support for installing and operating the configuration.
 Archaeological permits to perform the necessary surveys, construction and drilling
activities in the area of the artificial recharge.
 Forestry permit for setting the pilot installations (e.g. units) as well as for performing
construction activities in the area of the artificial recharge.
 Water use permit which refers to the use of water resources (i.e. brackish water) for
the purposes of operating the particular configuration. The Decentralized
Administration of Attica / Water Directorate issues this type of permit. Also, the
Region of Attica provides approval for the use of water for the pilot implementation.
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 Wells construction permit are necessary for the creation of the artificial recharge
site. The Decentralized Administration of Attica / Water Directorate issues these
permits.
 Concentrate disposal permit for the rejection of the waste product after the
desalination process. The Decentralized Administration of Attica / Water Directorate
issues this permit.
 Land use permit for installing the configuration installations (e.g. units). In the
Schinias pilot, the selected site belonged to the Public Properties Company (ETAD
SA) which gave the permission to use the particular land for the specific scientific
purposes (low-price rent).
 Power supply permit for providing power to the configuration facilities (mainly the
unit and the water pumps). ETAD has provided permission to use the existing power
supply for the operation of the unit and other needs of the configuration.
The project team can also inform and be in close cooperation with other stakeholders for
the implementation of the application even if no permit is necessary from their side e.g. the
water company, the municipal and the local authorities, the agricultural and touristic
associations, the regional authorities and the responsible ministries.
The stakeholder group which forms part of the potential end users (farmers, municipality,
tourist sector, environmental protection agencies) can be regularly updated and involved in
the implemented technologies, in order to accelerate acceptance of SWS and broaden the
market reach and uptake.
3.2.5 Monitoring scheme
A detailed investigation was conducted in Marathon plain -initiated in June of 2015- in order
to identify the hydrogeological conditions of the study area, in terms of the hydrodynamic
relation between the karstic and granular aquifers and both aquifers and the sea.
Additionally, a series of field investigations took place (unsaturated zone studies are still in
progress), that focused on unsaturated zone measurements, that targeted in high resolution
field data with respect to the hydraulic properties of the upper part of the coastal aquifer of
Marathon, within the pilot site boundaries (Figure 25). The designed monitoring scheme was
driven by the model data demands.
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Figure 25. Location of SWS pilot installations in Marathon coastal aquifer system.

Unsaturated zone material was sampled at regular intervals of 50cm down to a maximum
depth of 300 cm in 17 different locations from alluvial deposits. Sampling campaigns were
conducted in April 2017 (Figure 26) prior the irrigation period. Soil-cores of 50mm diameter
were collected from the ground surface down to a depth of 3.0m depending on the capability
of drilling equipment to core the material encountered. A portable direct-push vibro-coring
set for heterogeneous soils with gasoline powered percussion hammer (Cobra TT) was used
for the purpose of coring and collecting the material. Direct push is suitable for
unconsolidated and consolidated formations like sand, silt, clay and gravel layers. The
technique uses vibration to penetrate the subsurface with a hollow casing that contains an
inner sampling liner. When the required depth is reached, the casing with the sampling liner
is withdrawn and the liner can be capped for further analysis. No drilling fluids are necessary
that would alter water content and water chemistry. In a second step, the open borehole can
be used for the installation of monitoring equipment again using direct push methods.
Approximately 500-700g of soil samples were collected in polyethylene bags, tightly sealed
and transported to the laboratory for analysis. Sediment samples from the 17 locations were
used for sieve analysis and determination electrical conductivity and chloride
concentrations.
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Figure 26. Field activities for unsaturated zone measurements.

The unsaturated zone studies refer to the development of a methodological framework
(Figure 27) for investigating the hydrologic processes within the unsaturated zone through
a series of field and lab technologies that target at: (i) multi-level undisturbed soil sampling
using portable direct-push vibro-coring technologies, (ii) application of porewater extraction
techniques for chemical analyses of soil water, and (iii) installation of multi-level continuous
pore-water monitoring system.

Figure 27. Unsaturated zone research methodological framework.
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The grain size analyses carried out in adjacent boreholes for representative locations,
while sample results are presented in Figure 28. The results that soils in the upper 1 m
consist of silt (50–65%) and sand (32–38%). The dominant sediments (down to 2.5 m
depth) are gravels (60%) while clay is less than 2 percent.

Figure 28. Distribution of grain size analyses in sample location within the pilot site of Schinias.

The SWS experiments were carried out at different time intervals in 2018, while continuous
monitoring of Temperature (oC), Specific Electrical Conductivity (μS/cm) and groundwater
level (m) was taking place, during the entire experimental period, as shown in Figures 29
and 30.

Figure 29. Fluctuation of Specific Electrical Conductivity (μS/cm) of groundwater during the application of SWS
experiment within specific time frame.
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Figure 30. Fluctuation of water table during the application of SWS experiment within specific time frame.

The above monitoring scheme –as well as additional data from other studies- provided the
necessary data for the model development of the SWS pilot site of Schinias.

3.3 Pilot SWS configuration
The subsurface water solution that has been implemented in the specific karstic aquifer is a
hybrid application of ASR and Freshmaker. The system has been designed with increased
flexibility and there are three (3) main building blocks compiling the configuration as
described below (figure 31):




Water supply installations (area A)
Water treatment units (area B)
Artificial recharge configuration (area C)
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Area A

Area B

Area C

Figure 31. Pilot SWS configuration

3.3.1 Water supply installations
The concept of the water supply installations in area A is to abstract karstic water from the
local springs and to transfer it to the water treatment unit, through water pipes and electric
pumps (figures 31).

Figure 32. Water supply installations
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3.3.2 Water treatment unit
The water treatment unit consist of two separate elements:
 The Advanced Oxidation Methods (AOP) unit designed to confront organic
pollution stemming from agricultural, stock-farming as well as other random or
systematic pollution events. It utilises heterogeneous photocatalysis using titanium
dioxide (TiO2, as a catalyst) and can achieve degradation of toxic organic pollutants
without the production of any kind of residue, thus being considered as very effective
and environmentally friendly method. The selected photocatalyst is a novel material.
 The Reverse Osmosis (RO) unit designed to process water of high conductivity and
to produce an outflow of low conductivity with the following processes: Sand filtration,
Antiscalant dosing, 5 μm cartridge filter and Reverse Osmosis. Regarding the
disposal of outflow water, the produced concentrate is diluted with the use of the
excess of feed water and is pumped to a stream of high flow rate. The mixing of the
concentrate with the excess of feed water can produce apparently an outflow of lower
salinity.
For the remote monitoring and control system, a programmable logic controller (PLC) was
employed connected to a virtual private network (VPN) by means of a laptop computer and
a 4G mobile internet wireless router. An alarm and fault messaging system were set up by
means of a GSM SIM card.
3.3.3 Artificial recharge configuration
The location of the artificial recharge (AR) site can been carefully selected based on through
survey and investigation of the area as well as targeted measurements e.g. dedicated
geophysical measurements that established the various stratigraphic and hydraulic settings
of the area. Additionally, hydraulics calculations and modeling activities are necessary to be
performed as well as the implementation of guidelines and methodologies from other
reference sites.
For the specific AR site, a four wells system has been constructed, including one horizontal
and three vertical wells, in the specific conditions of which are presented in figure 33
Geophysical research is necessary to determine possible archeological remains, to identify
the stratigraphic and hydraulic settings of the AR area and eventually to construct the AR
site as well as monitor and demonstrate the configuration.
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Figure 33. Artificial Recharge site specific conditions

A. Identification of archaeological remains
This phase comprises of non-destructing (ND) geophysical research for identifying possible
existing anthropogenic constructions (archaeological remains) and is important before
proceeding with the destructive activities such as drilling etc. In such investigations special
permit is normally required by the Archaeological Service.
The most appropriate ND method to investigate the shallow subsurface layers is the Ground
Penetrating Radar (GPR) method. The subsurface is radiated with very low electromagnetic
energy pulses and all the reflections are recorded in real time. In addition, the method is
direct and the results are shown during the acquisition time (real time).
Concerning the spatial resolution, the method can achieve resolution of cm mostly
depending of the sampling interval and the frequency of the electromagnetic energy used.
Two frequencies can be used, one low frequency reaching a depth of about 10m below the
ground surface (about 250 MHz) and one high frequency reaching a depth of about 4m, with
one resolution of 2cm (about 800 MHz). The data acquisition system is also controlled from
a very accurate GPS position tool (Real Time Kinematic GPS) and the positions have the
accuracy of 1cm.
After the initial geophysical research, the artificial recharge area can be selected, where
there is no indication of archaeological remains, provided that the geological subsurface
conditions are considered favourable.
B. Determination of stratigraphic and hydraulic settings
For the identification of the stratigraphic and hydraulic settings, additional non-destructive
geophysical measurements can be performed with additional geophysical methods such as
Electrical Resistivity Tomography (ERT) and Seismic Refraction or Multichannel Analysis of
Surface Waves (MASW).
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Figure 34. Stratigraphic and hydraulic setting of AR site

Exploratory wells can be used to acquire the detailed litho-stratigraphy of the subsurface
layers (figures 34 & 35), including wireline methods e.g. Geophysical Well Logging (GWL).

AR well stratigraphy
0.0 - 1.0m: Artificial fill
1.0 - 2.3m: Peat Horizon. Salty clay with organic matter
2.3 - 3.0m: Peat with sandy material (shells)
3.0 - 3.5m: Sand (medium to coarse)
3.5 - 4.0m: Sand with increasing gravel content (hard horizon)
4.0 - 4.8m: Fine gravel with coarse sand (beach and/or coastal
barrier deposits)
4.8 - 6.0m: Fine to medium gravel with quartz rich sand
6.0 - 7.0m: Fine gravel.
7.0 - 8.4m: Sandy silt with increasing clay content
8.4 - 9.0m: Clayey sand
9.0 - 11.3m: Organic clay with variable sand content
11.3 - 12.0m: Sandy gravel
12.0 - 13.5: Sandy gravel with organic matter
13.5 - 14.5m: Fine gravel with organic matter
14.5 - 15.5m: Coarse sand with increasing amounts of clay and
organic matter
15.5 - 16.0m: Clay
16.0 - 16.5m: Hard horizon. Clay and/or fluvial channel deposits
16.5 - 17.5m: Clayey sand with gravel.

Figure 35. Artificial recharge well stratigraphy
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C. Construction of the artificial recharge site
The results of the previous phase (stratigraphic and hydraulic settings), including modeling
activities can be combined for the design of the AR site.

Figure 36. Artificial recharge configuration setting

In the specific pilot, the site consists of a four wells system, three vertical and one horizontal
well (figure 36). The artificial recharge area in the specific pilot was constructed as follows:
o One central vertical artificial recharge well, equipped with 3 piezometer nests for
monitoring. The principal function of this well is recharge (figures 37).
Side well

Central AR well
0-1.6 m: artificial fill
1.6 to 3.5 m: fine sand
3.2 m: Static WLVL
3.5-6 m: fine gravel

6-23 m: fine sand with some

d

Thin clay intercalations

Figure 37. Cross section of the central artificial recharge and the side wells configuration setting

o Two vertical side wells at a specific distance from the central AR well screened with
micro-fissured pipes. The principal functions of these wells are both monitoring and
recovery (figures 38).
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o One horizontal directional drilling (HDD) well passing below the AR well, screened
with PVC pipe. The principal function of this well is buffer creation and possibly recovery,
(figure 39).
D=50 m

4.1

m

AR WELL

Screened section
Figure 38. Cross section of the horizontal directional drilling (HDD) and the AR wells setting

The purpose of this well is to pump the water from the aquifer at the phreatic part. The HDD
well has an initial inclination in relation to the ground surface, reaches one specific depth
and then rises up to the surface. The purpose is to introduce one filter screen in the saturated
part of the aquifer.
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Figure 39. Horizontal directional drilling well geometry

The installation of a pump is important to extract water and perform the appropriate
drawdown to provide one “buffer – storage” space into the upper zone of the aquifer, to be
recharged with the processed water.
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After the completion of the construction of the AR site, several pumping tests are carried out
to ensure the smooth operation of the site.

Figure 40. Horizontal Directional Drilling well construction

These technologies have been designed with increased flexibility, thus the functions of
the various wells can be changing during the operational period of the configuration, in
order to test different scenarios and establish optimal SWS schemes. Certain automations
are important to be installed to ensure the smooth operation of the setting and prevent
unexpected events.
D. Monitoring of artificial recharge site
This phase includes long term monitoring of the different environmental, geophysical and
geochemical parameters and their evolution in time during the period of pilot operation.

E. Demonstration of configuration
This phase includes the demonstration of the site in potential end-users, including farmers,
municipalities, water companies, etc.
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4. Water treatment techniques
The engineering concept of the water treatment unit is to process the brackish water
abstracted from the deeper karst aquifer and to send it to the AR site for reinjection in the
upper groundwater aquifer. The unit includes a series of novel remediation techniques in
the flow of the pumped groundwater before it is reintroduced in the upper alluvial aquifer.
The final aim is to reduce both the overall inorganic and organic load of the source water
and to provide the aquifer with water of high quality.
The water treatment unit is quite a flexible setup and combines an innovative system of
coupled RO and AOP units as follows:
a) an Advanced Oxidation Processes (AOP) system for the degradation and mineralization
of organic pollutants in the presence of inorganic ions, and
b) a Reverse Osmosis (RO) system, which drastically reduces the ionic content of the water
and removes residual organic species of increased molecular weight.
The capacity of the installed devices is designed according to the inorganic and organic load
of the water originating from the karstic aquifer, the total average organic and inorganic
content of the rejected concentrate and the flow of the pumped water. This coupled system
can also be developed to remotely monitor and operate the configuration, so as to be tested
and applied in similar remote locations.

4.1 Advanced Oxidation Process (AOP) unit
The design and installation of the specific AOP process ensures the degradation of
pollutants under different environmental conditions, pollution concentrations and flow rates,
producing water adequate to be processed in a RO unit. Nonetheless, the aim of the design
is to produce a universal, versatile and modular water treatment unit that is suitable to be
used in a variety of environments.
In particular, the AOP unit utilises heterogeneous photocatalysis using titanium dioxide
(TiO2), as a catalyst, in order to confront organic pollution stemming from e.g. agricultural,
stock-farming, other activities, random or systematic pollution events (figure 41).
TiO2 is considered an efficient, low cost and highly stable semiconductor photocatalyst,
widely used in water treatment applications. When photocatalyst TiO 2 absorbs ultraviolet
(UV) radiation from sunlight or illuminated light source (fluorescent lamps), it produces pairs
of electrons and holes. The electron of the valence band of titanium dioxide becomes excited
when illuminated by light.
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pump to a stream of flow
3

rate of >1000 m / h
6620 μS/cm

Figure 41. Water treatment unit setup

The excess energy of this excited electron promotes the electron to the conduction band of
titanium dioxide therefore creating the negative-electron (e-) and positive-hole (h+) pair.
Wavelength of the light necessary for photo-excitation is 388 nm. The positive-hole of
titanium dioxide breaks apart the water molecule to form hydrogen gas and hydroxyl radical.
The negative-electron reacts with oxygen molecule to form super oxide anion. This cycle
continues when light is available. Thus, due to the formation of strong oxidative species, the
AOP can achieve degradation of toxic organic pollutants without the production of any kind
of residue, thus being considered as particularly effective and environmentally friendly
method.
The AOP unit has been designed to use a grade 304 stainless steel tank of 1m3, in which
the slurry of the catalyst and the treated water is illuminated for certain contact time and a
continuous flow of air ensures the presence of conditions as well as proper mixing. The
number of tanks needed and consequently the contact time is determined according to the
amount of pollution of the treated water, offering modularity in the system that can be
modified to meet the needs. The selected photocatalyst was a novel material; it is
photocatalytically active fumed titanium dioxide granules (>99,5%) with particle size of about
20μm. Focusing on making the whole procedure cost effective and environmentally friendly,
the design of the unit ensures minimum use of reagents, optimum treatment time according
to the requirements set for the final effluent quality and a combination of artificial and solar
illumination.
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The use of AOP is designed to be installed before the RO unit, which ensures the
degradation and remediation of organic pollutants up to the point of full mineralization. The
absence of a pretreatment AOP unit before the RO unit would mean that organic pollutants
reaching the RO unit would eventually be separated from the purified water stream and preconcentrated in the reject stream, exponentially increasing their concentration and finally
rejected in the environment. This type of process would not remediate the source water but
just transfer the pollution to other water compartments. Furthermore, the organic content of
the water would eventually promote fouling and deterioration of the RO membranes,
reducing their lifetime and efficiency.
The unit should be carefully designed so that it can provide multiple information about the
quality of the influent as well as the effluent and rejection streams and can constitute, by
itself or as a part of the wider monitoring system, a valuable toolbox for decision-making and
an early warning platform for random or systematic pollution events.

4.2 Reverse Osmosis (RO) unit
A schematic design of the RO unit is illustrated in figure 42. The input water is pretreated in
order to protect the membranes in the cartridges. Small particles are filtered, bacteria and
microorganisms are killed.
The pH is adjusted and any buoyant particles are removed to avoid minerals residing in the
membranes. Next, this pretreated water passes through a high-pressure pump that
increases the pressure to the required levels where the membranes operate.
Next is the RO stage, where separation of water from salt and other small minerals takes
place. The membranes allow water molecules to pass through, whilst they prevent salt
molecules from entering. As the pretreated water enters the membranes, it meets two
streams; one stream of purified water and another denser stream of salt water that is
rejected.
Then the purified water has to go through a post-treatment process since it presents small
hardness and low pH. The pH is increased from 5 to 7 through the addition of sodium
hydroxide and its hardness is increased by passing the water through columns that contain
magnesium and calcium. This final post treatment produces a high-quality drinking water.
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Figure 42. Schematic of the RO process

The RO unit designed to process water of high conductivity (about 4500 μS/cm) and to
produce an outflow of low conductivity (about 200μS/cm at 60m3/day). The RO unit includes
the following processes: Sand filtration, Antiscalant dosing, 5 μm cartridge filter and Reverse
Osmosis. Regarding the disposal of outflow water, the produced concentrate (of about
14500μS/cm at 26m3/day) is diluted with the use of the excess of feed water (>100M 60
m3/day) and is pumped to a stream of high flow rate (>1000 m3/h). The mixing of the
concentrate with the excess of feed water is producing an outflow of lower salinity (about
6500μS/cm at 5m3/day) (figure 43).
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Figure 43. Water treatment unit

For the process of remote monitoring and control, a programmable logic controller (PLC) is
employed connected to a virtual private network (VPN) by means of a laptop computer and
a 4G mobile internet wireless router. An alarm and fault messaging system can be installed
by means of a GSM SIM card.

4.3 Performance evaluation of the treatment units
The design and operation of the innovative AOP-RO hybrid water treatment unit,
demonstrated that it is a flexible, extendable and up-scalable configuration that has the
potential to be used in larger scale similar cases that process brackish water and produce
high quality water for artificial recharge.
In particular, the performance data of the unit are presented in Table 5, where it is evident
that the typical value of the conductivity of the produced water is about 167 μS/cm at a flow
rate of about 2.5 m3/h.

The overall performance of the RO process was influenced by the conductivity variations
and the temperature of the incoming water (seasonal changes). These parameters generally
influence the performance of the RO membranes, due to changes in the viscosity of the
water, leading to differences in the membrane permeation.
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Table 5. Unit performance data

Conductivity of raw water (average)

μS/cm

4600
(typical)

(extreme)

Feed water Temperature

25

46

Conductivity of product water

167

309

μS/cm

Conductivity of rejection water

13532

14698

μS/cm

Conductivity of discharge water

6556

6309

μS/cm

2.5

2.4

Rejection water flow rate

1.2

1.0

m3/h

Pressure RO membranes

8.9

6.5

bar

Product water flow rate

o

C

m3/h

TOC of raw water (average)

2.2

ppm

TOC of product water (average)

0.2

ppm

The operation of the AOP system included tests to ensure the optimum contact time
between the catalyst, the illumination chamber and the water feed, in order to minimize the
organic content with the minimum required energy (illumination time). This has been realized
in the past in laboratory tests. The treatment process was considered successful when
outflow TOC values of the AOP reached values lower than 0.5 mg/L. The process was found
to be significantly stable and the device proved to be extremely flexible and modulated. The
device gave the possibility to change the flow rates, contact time, illumination and water
recirculation, enabling us to decrease the TOC in the produced water at levels below 0.5
mg/L. Contact times ranged from 30 – 60 min, which was enabled with variations of the flow
rate and the help of the buffering tank. The challenge was upscaling this process from
laboratory to pilot-scale size and studying the performance characteristics of a catalyst with
significantly larger particle size (20μm) than other similar applications of photocatalysis. This
choice proved to be successful, providing a highly efficient photocatalytic system.
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5.Regional Model
5.1 Conceptual approach of the regional model
With regard to the conceptual approach of the Marathon regional model, there are two layers
in the model (top to bottom): two alluvial aquifer layers of different hydraulic characteristics,
with a total thickness of 60m. The upper alluvial unit is of lower permeability, while the lower
alluvial unit has a higher hydraulic conductivity. The upper layer is considered as convertible
while the second one has been simulated as confined. The karstic aquifer that is present in
the study area, underlies the simulated alluvial aquifer system, however the simulation of
this unit is beyond the purpose of this study.
Figure 44 shows the spatial distribution of the boundary conditions of the groundwater flow
model, in combination with the geologic information that refers to the investigated aquifer.

Figure 44. Boundary conditions of the Marathon SUBSOL regional model.

For the model top, a Digital Elevation Model (DEM) of the study area has been used. The
initial DEM has 55 m cells, but it was re-sampled in order to make the 5050 m raster used
as model top. The thickness of the alluvial layers was derived by combining a set of
geophysical surveys in the area.
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Figure 45. Implementation of the upper part of the alluvial aquifer of Marathon.

5.2 Implementation of the groundwater flow model
5.2.1 Active domain and spatial discretization
The active domain of the model area includes a 50 km 2 region, divided in a 50 m × 50 m
grid. This ends up to 18360 cells per layer, of which 14460 are active (in both layers). The
grid cells size is considered to be adequate in order to represent the spatial changes that
are considered for the unconsolidated aquifer system of Marathon.
5.2.2 Time discretization
The simulation period of the model is divided in 13 stress periods. The first stress period
was run in steady state conditions and represents a length of one day while the other 12
stress periods represent one month and refer to transient state flow conditions. The number
of time steps in each stress period corresponds to the number of days is each month. The
simulation period is from October 2016 to September 2017.
5.2.3 Hydrodynamic parameters
The hydrodynamic parameters of the model include the hydraulic conductivity, specific
storativity and specific yield values for all aquifer layers. The values of hydraulic conductivity
were mainly concluded from geophysical surveys that took place in the area during previous
studies.
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More specifically for each layer, the following were considered:
- Layer 1: 0.2m/day= 2.3E-6 m/s
- Layer 2: 3.312 m/day= 3.8E-5 m/s
5.2.4 Hydrologic boundary conditions
The hydrologic boundary conditions used in the model, along with the process that they are
representing are the following (figure 46):


General head boundary (GHB): This BC is assigned at the northern area of the
model, where the alluvial unit of the plain is in contact with the karstic marbles of
Marathon as well as at the western part if the active domain, representing the inflows
from the adjacent aquifer layer of the plain. The starting and ending heads for every
GHB differs, according to the hydraulic head of the marble layer and the adjacent
unit.

Figure 46. Boundary conditions of the Marathon SUBSOL regional model.



Well (WEL): In order to assign lateral inflows that comes from a specific part of the
marble unit at the eastern part of the plain in the model, the well package was used
assigning a positive pumping rate. This specific package was also used to represent
the water that is pumped from the aquifer units from the multiple irrigation wells in the
area.
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Recharge (RCH): The recharge package is usually used in order to simulate recharge
in the aquifer. In this case the recharge from precipitation in the aquifer was simulated
with the RCH package.
Drain (DRN): The drain package was used to simulate the draining canal that diverts
groundwater from the karstic spring to the Rowing Centre of Schinias and to the
Mediterranean Sea.
River (RIV): River package is used in order to simulate the water that either leaves
or enters the groundwater system according to the elevation of the drain boundary.
In this case, Haradros stream was simulated with the RIV package. The stream is
used as a boundary condition at the western part of the plain.

5.2.5 Hydrologic sink and source terms
The main source of the model is recharge coming from precipitation. Recharge is assigned
to the model top, of the alluvial aquifer. The main sink term is the GHB at the contact of the
alluvial layers with the karstic marbles of the plain.
5.2.6 Initial conditions
For the initial conditions, the surface elevation is used. The first stress period is used in order
to calibrate the model under steady state conditions, while the following simulation steps
(i.e. consequent stress periods) refer to transient groundwater flow conditions.
5.2.7 Numerical solver
Preconditioned Conjugate-Gradient package was used to solve the finite difference
equations in each step of a stress period. The maximum number of inner and outer iterations
is set to 2000, mainly because there is an increased amount of iterations needed at the first
steady state stress period.
5.2.8 Sensitivity analysis
A sensitivity analysis was also performed using UCODE_2014 for Universal Sensitivity
Analysis, Calibration, and Uncertainty Evaluation. The sensitivity module was run using
hydraulic conductivity of the alluvial aquifer that showed a composite scaled sensitivity of
85.9.

5.3 Regional Model Application
The application of the regional model for the aquifer system of Marathon was implemented
using FREEWAT as the main modelling platform.
FREEWAT is an open source and public domain GIS integrated modelling environment for
the simulation of water quantity and quality in surface water and groundwater with an
integrated water management and planning module. FREEWAT is a composite plugin for
the well-known GIS open source desktop software QGIS. As composite plugin, it is designed
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as a modular ensemble of different tools: some of them can be used independently, while
some modules require the preliminary execution of other tools. In this framework, the
following tool classifications can be defined:
• Tools for the analysis, interpretation and visualization of hydrogeological and
hydrochemical data and quality issues, also focusing on advanced time series analysis,
embedded in akvaGIS module.
• Simulation of models related to the hydrological cycle and water resources management:
flow models, transport models, crop growth models, management and optimization models
(also related to irrigation management and rural issues).
• Tools to perform model calibration, sensitivity analysis and uncertainty quantifications.
• Additional tools for general GIS operations to prepare input data, and post-processing
functionalities (module OAT – Observation and Analysis Tool).
The modelling environment is based on the well-known codes of the MODFLOW family
(USGS)– basically used for analysis of groundwater systems. The version integrated in
FREEWAT is the MODFLOW One Water Hydrologic Model (MODFLOW-OWHM; Hanson
et al., 2014), aiming at performing simulations of systems where conjunctive use of surfaceand ground-water is of concern. It also includes a specific module to run management
decisions and evaluate different irrigation scenarios, which is coupled to a crop growth
module for simulating crop yield. Along to this, simulation of solute transport in aquifers may
be performed by means of the MT3DMS code (Zheng, 2010), including density dependent
capabilities using the SEAWAT code (Langevin et al., 2007; USGS). The modelling
framework is completed by including GUIs to run automated codes (UCODE_2014; Poeter
et al., 2014) for assessing sensitivity analysis, calibration and uncertainty evaluation of
hydrologic models (Foglia et al., 2007).
A set of tools to facilitate the management of a large number of physical and chemical
parameters, to ensure compliance with standard regulatory guidelines (with a special focus
on requirement deriving from the Groundwater Directive), is included via the akvaGIS
module (developed by the IDAEA-CSIC). Finally, the FREEWAT platform is improved by
adding Observations Analysis Tool – OAT, a tool for time-series analysis in data processing
for model calibration (Figures 47 and 48).
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Figure 47. Example of the FREEWAT main menu with some graphs produced using the OAT module.

Figure 48. Example of the Model Data Object of observation heads.

5.3.1 Model results
SUBSOL regional model for the aquifer system of Marathon included a series of the
MODFLOW-2005 Family Packages as can be seen in the following figure.
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Figure 49. Marathon regional model run, in FREEWAT platform environment.

The results of the simulation show an acceptable coincidence with the observations (Figure
50), while small discrepancies can be attributed to observation wells that are located very
close to the boundary conditions RIV and GHB.

Figure 50. Observed vs. simulated heads of the SUBSOL Marathon regional model.
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Figure 51 presents the cumulative water budget for the whole simulation. The storage
appears to be a key component of the model water budget; and observation that is
reasonable since the aquifer is simulated as unconfined (Convertible) so the available
storage is much higher compared to a confined unit. Another major input in the model is
recharge from precipitation, while the pumping for irrigation and discharge to the coast are
the main outputs of the system.

Figure 51. Cumulative water budget of the SUBSOL Marathon regional model.

5.4 Participatory modelling approach
Until recently, groundwater models were a part of groundwater management, however
bounded within the hydrologic community, decision/policy makers, engineers/scientists.
One of the major advances in groundwater modelling has been their application to predict
impacts of human inferences on local groundwater systems and associated environment.
Apart from analysing flow systems and simulating water budget components changes,
groundwater models are widely used to optimize groundwater development scenarios.
Concerning the latter, several methods have been developed and applied in order to
enhance public participation in groundwater modelling, and engage all involved
stakeholders in the decision-making process. The term mostly applied for the above method
is participatory or collaborative modelling. Basco-Carrera et al. (2017) analyse that, both
terms are used inter-changeably, largely due to unclear distinction between them in
literature, and in their research, they attempt to draw the line between participatory and
collaborative modelling by using levels of participation and cooperation as conditioning
dimensions. Garduno et al. (2010) in their research concerning stakeholder participation in
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groundwater management, argue that decisions taken with participation of stakeholders
should bring:





social benefits – because they promote equity amongst users and avoid groundwater
access being dominated by a few
economic benefits - because they encourage balance with long-term potential of the
resource, avoid resource collapse and optimize pumping costs
technical benefits – because they usually lead to better estimates of water abstraction
and more precise understanding of the groundwater balance
management benefits – because they trigger local stakeholders’ initiatives to
implement demand and supply measures and reduce the cost of regulation.

Voinov and Bousquet (2010) analyse that stakeholder participation makes the modelling
process truly adaptive, so that models can adequately incorporate new information about
the systems as it becomes available and adjust to the new goals driven by the decision
making and management needs. Baldwin at el. (2012) argue that participatory modelling
can lead to: shared understanding among diverse participants (social learning); greater trust
among parties and credibility in the findings; better consideration of science in planning, and
greater adoption in practice.
Carmona et al. (2011) invited stakeholders to actively participate in the development of a
decision support system (DSS) based on the combination of an agro-economic model and
an object-oriented Bayesian network. The aim of this study was to evaluate the trade-off
between agriculture and the environment for different management options at different
scales. Sandoval (2004) in his study for integrated aquifer management in the case of
Guanajuato State, Mexico, argues that since centrally-controlled management schemes
have clearly failed to cope with the present complex environment of water management,
participatory approach is the key for sufficient and sustainable groundwater management.
Voinov and Brown Gaddis (2008) managed to fully engage stakeholders in the modelling
proess; i.e. model development and calibration, scenario testing, and applying results to
management decisions. Castilla-Rho (2017) in his study argues that agent-based modelling
(ABM) has the ability to engage stakeholders in hydrologic investigations, while it can
additionally help stakeholders to better understand the impacts and feedbacks of their
decisions, reveal trade-offs, and generate systematic comparisons of alternative
management and policy options under complexity and uncertainty. Dungumaro and Madulu
(2003) in their research in Tanzania, concluded that community participation should be
considered as mandatory in any development projects and local communities should be
viewed as equal development partners who should participate fully in the design,
implementation and benefit sharing for any water related development projects. Re (2015)
developed the so-called “Bir Al-Nas (Bottom-up IntegRated Approach for sustainabLe
grouNdwater mAnagement in rural areaS) Approach”, as a method to incorporate the social
dimension into hydrogeochemical investigations and modelling for rural development
(Tringali et al., 2017). Rangan (2016) describes the Participatory Groundwater Management
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(PGWM) programme in India, as a measure to tackle unregulated abstraction of
groundwater, that has led to more than 60 percent of districts being affected by scarcity or
quality issues. In practice areas, the PGWM programme, including modern participatory
modelling techniques has led to increase in groundwater levels and, in some cases,
improved crop productivity through the evolution of protocols for better water use. Højberg
et al. (2013) used a national-scale participatory approach in order to update and improve
the Danish national water resources model; while three levels of model updating have been
identified: 1) Basic data update, by keeping the model up-to-date with respect to input data,
2) improving the model description by including new or more detailed data, and 3)
reconstructing the model concept. Venkata et al. (2013) on their study on the Participatory
Groundwater Management Programme in India, they mention that Participatory hydrological
monitoring (PHM) is a key component of the programme, that comprises the hydrological
monitoring network (HMN); PHM training; guidance; handing over and withdrawal.
Henriksen et al. (2007) used Bayesian Networks in their approach to actively involve water
managers, experts, stakeholders and representatives of the general public in decision
support tools (Environmental Decision Support Systems; EDSS) and modelling. Jackson et
al. (2012), developed a participatory 3D visualisation model, via a process described as the
participatory Groundwater Visualisation Tool (GVT), that assisted the water planning agency
to better understand stakeholder needs and interests, contributed to popular scientific
understandings of hydro-geological conditions and processes, as well as captured local
knowledge and values in preparation for an open and effective planning process. Reddy et
al. (2014) utilize participatory modelling approaches to understand the functioning and
efficiency of groundwater management institutions by comparing and contrasting three
participatory groundwater models in Andhra Pradesh. Jensen and Uddameri (2009)
describe the case of Refugio County in South Texas where several groups of water users in
the region are working with researchers at Texas A&M University-Kingsville (TAMUK) to
develop decision-support models that incorporate stakeholder concerns. Steenbergen
(2006) in his research for promoting local groundwater management in South India,
describes a participatory hydrological monitoring and modeling programme in which the
stakeholders’ response was very positive. Mackenzie et al. (2012) describe the Participatory
Action Research (PAR) methodology that was used to trial and evaluate a suite of planning
tools to improve the engagement process for statutory water planning in Australia, and
assesses its value and limitations in the Australian context. Chebaane et al. (2004), while
investigating the over-exploitation status for one of Jordan’s principal aquifer systems, the
Amman-Zarqa Basin, concluded that a participatory management and modeling approach
that involved government officials and various public and private sector interest groups, was
proved very effective. Mooney and Tan (2012) used a participatory modelling tool
conjunctively with multi-criteria analysis to identify community values relevant to the
prioritization of environmental assets in the context of water scarcity.
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5.4.1 Main objectives of the SUBSOL participatory modelling exercise
The model scenarios were constructed and applied by a synthesis of the feedback that was
received from the main stakeholders, which are as follows:
Municipality of Marathon – Department of water Supply. The Municipality of Marathon
is responsible for the water supply of the local population of Marathon. The Department of
Water Supply, mainly facilitates the treated water that is provided by the water utility of
Athens (Athens Water Supply and Sewerage Company, EYDAP) and distribute it to the local
users.
Agricultural Cooperative of Marathon. It involves the majority of the local farmers, hence
main groundwater end-users of the case study of Marathon.
Region of Attica – Department of Water Resources Management. The Department of
Water Resources Management of Attica Region is responsible for the licensing process of
the groundwater wells for farmers and domestic users. They work in cooperation with the
Decentralised Administration of Attica – Water Directorate; their role is to check the
documentation that submitted for the permit process. According to their records there are
280 registered pumping boreholes, but it is expected that the total number of boreholes is
much higher.
Decentralized Administration of Attica – Water Directorate. The Decentralized
Administration of Attica – Water Directorate is responsible for implementing the water
management plans as well as implementing the environmental law and regulations
regarding water resources management in the region of Attica. Their major interest for the
aquifer system of Marathon is to implement: (i) Directive 2000/60/EC of the European
Parliament and of the Council of 23 October 2000 establishing a framework for Community
action in the field of water policy1; and (ii) Directive 2006/118/EC of the European Parliament
and of the Council of 12 December 2006 on the protection of groundwater against pollution
and deterioration2.
Management Board of Schinias Marathon National Park. The Management Board of
Schinias Marathon National Park is responsible for managing and protecting the Schinias
Wetland National Park, where the SUBSOL pilot is installed and operating. Additionally, they
are responsible for the Environmental Impact Assessment within or in the area of the
National Park, with respect to any anthropogenic activities. The Management Board is also
responsible for managing the wetland of Schinias and a limited number of farms in this area
aimed at promoting biological agriculture.
MEDITERRANEAN SOS Network. The MEDITERRANEAN SOS Network is an
environmental NGO that is engaged with water related matters at a national level and is the
1
2

OJ L 327, 22.12.2000, p. 1–73.
OJ L 372, 27.12.2006, p. 19–31.

72

main representative on behalf of the NGOs of the National Council for Waters. They are
directly involved with the study area, since they are a member of the Board of Schinias
Marathon National Park.
Athens Water Supply and Wastewater Treatment Company (EYDAP). Athens Water
Supply and Wastewater Treatment Company is responsible for the water supply and
wastewater treatment for the metropolitan area of Athens. EYDAP is also directly related
and strongly connected to the water resources management of the study area, since one of
the water supply reservoirs of the company (Marathon Dam) is located in the area of interest.
Ephorate of Antiquities - Eastern Attica Office. The Ephorate of Antiquities (Ministry of
Culture) is a major stakeholder in the area, since the coastal plain was the main field of
Battle of Marathon that took place in 490 BC, during the first Persian invasion of Greece.
They are involved in the area, since any drilling activities and/or geophysical investigations
are subject to the permission of the Ephorate.
Trade Association of Marathon Municipality. This local association represents
approximately 500 local small medium business of several activities, mostly commercial and
services (not touristic). They have an interest on the economic development and
environmental status of the area but they are not involved directly in the water resources
management. Their involvement is mostly as simple users (same level as households).
5.4.2 Description of Groundwater Management Scenarios with respect to
SWS applications
The development of the groundwater water management scenarios with respect to the
subsurface water solutions, that were designed after the synthesis of the discussions with
the local stakeholders, are as follows:
Scenario 1: Application of the pilot setup with the standard characteristics of the RO unit
and SWS setup with the horizontal and vertical well, as currently applied in Schinias pilot
site.
Scenario 2: Application of the pilot setup with the standard characteristics of the RO unit
and SWS setup without the vertical well.
Scenario 3: Application of the pilot setup with upscaling of the RO unit and retaining the
same characteristics for the SWS setup without the vertical well.
Scenario 4: Application of the pilot setup with upscaling the RO unit and the SWS setup
without the vertical well.
Scenario 5: Modification of the pumping scheme in the area, without the application of SWS.
Detailed analysis of the designed scenarios is given in the following paragraphs.
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5.4.2.1 SUBSOL Scenario 1
SUBSOL Scenario 1 involves the application of several pilot-scale set-ups in the two most
affected parts of Marathon aquifer system (Marathon and Kato Souli) to tackle the problem
of overpumping and seawater intrusion. The model application has the following
characteristics:
Time discretization: 13 Stress periods, time steps are in accordance to the number of
days for each month
Injection rate in the HDDW: 60m3/day (2.5 m3/h) for each setup
Pumping Rate (vertical well): 24m3/day (1m3/h) for each setup
Number of pilot-scale SWS installations: 12
Figure 52 shows the model results after the application of the SWS installations, in the
aquifer system of Marathon. It can be seen that the groundwater quality for most of the
aquifer extent has been improved, however, two limited areas at the SE and NW margins
of the study area remain effected by seawater intrusion. For the SE area, seawater
intrudes directly due to overpumping through the aquifer as well as through the estuary of
the ephemeral stream, while for the NW area, seawater intrusion takes place through the
coastal karstic unit.

Figure 52. Model results after the application of SUBSOL Scenario 1.
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5.4.2.2 SUBSOL Scenario 2
Scenario 2 involves the application of several pilot-scale SWS installations at the two most
affected areas of Marathon aquifer system (SE and NW part) to tackle the problem of
overpumping and seawater intrusion. The model application has the following
characteristics:
Time discretization: 13 Stress periods, time steps are in accordance to the number of days
for each month
Injection rate in the HDDW: 60m3/day (2.5 m3/h) for each setup
Number of pilot-scale SWS installations: 12
Figure 53 shows the model results after the application of the SWS installations, in the
aquifer system of Marathon. It can be seen that the groundwater quality for most of the
aquifer extent has been improved, whereas the two limited areas at the SE and NW margins
of the study area appear improved in terms of both quality as well as quantity.

Figure 53. Model results after the application of SUBSOL Scenario 2.
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5.4.2.3 SUBSOL Scenario 3
Scenario 3 involves the application of several pilot-scale SWS installations in the two most
affected areas of Marathon plain (Marathon and Kato Souli) to tackle the problem of
overpumping and seawater intrusion. The scenario includes upscaling of the RO unit, by
means of producing an increased rate of desalinated water for recharge.
Time discretization: 13 Stress periods, time steps are in accordance to the number of days
for each month
Injection rate in the HDDW: 96m3/day (4 m3/h) for each setup
Number of pilot-scale SWS installations: 12
Figure 54 shows the model results after the application of the SWS installations, in the
aquifer system of Marathon. It can be seen that the groundwater quality for most of the
aquifer extent has been improved, whereas the two limited areas at the SE and NW margins
of the study area appear improved in terms of both quality as well as quantity.

Figure 54. Model results after the application of SUBSOL Scenario 3.
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5.4.2.4 SUBSOL Scenario 4
Scenario 4 involves the application of two pilot set-ups in the two most affected areas of
Marathon plain (Marathon and Kato Souli) to tackle the problem of overpumping and
seawater intrusion. The scenario includes upscaling of the RO unit and the SWS set up with
an HDDW of 100m.
Time discretization: 13 Stress periods, time steps are in accordance to the number of days
for each month
Injection rate in the HDDW: 420m3/day (17.5 m3/h) for each setup
Number of pilot-scale SWS installations: 2
Figure 55 shows the model results after the application of the SWS installations, in the
aquifer system of Marathon. It can be seen that the groundwater quality for most of the
aquifer extent has been improved, whereas the two limited areas at the SE and NW margins
of the study area appear improved in terms of both quality as well as quantity. The qualitative
and quantitative impact of the SWS installations at the critical parts of the case study (i.e.
SE and NW), appears to be much higher in comparison to the previous 3 scenarios.

Figure 55. Model results after the application of SUBSOL Scenario 4.
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5.4.2.5 SUBSOL Scenario 5
SUBSOL Scenario 5, involves the design of a modified pumping scheme for the entire
aquifer system of Marathon, without any SWS installations. More specifically, it involved: (i)
the pumping reduction on the coastal zone of the aquifer by 75%; while the irrigation needs
would be satisfied from upstream groundwater wells located within the recharge zone of the
aquifer; and (ii) the pumping reduction at the NW of the aquifer by 50%; while the irrigation
needs would be satisfied from upstream groundwater wells located within the recharge zone
of the aquifer.
Figure 56 shows the model results after the application of Scenario 5, in the aquifer system
of Marathon. It can be seen that the groundwater quality for most of the aquifer extent has
been improved, whereas the two limited areas at the SE and NW margins of the study area
appear improved in terms of both quality as well as quantity. In this scenario, it could be
argued that the quantitative impact of the SWS installations at the critical parts of the case
study (i.e. SE and NW), appears to be much noticeable.

Figure 56. Model results after the application of SUBSOL Scenario 5.
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5.5 Regional model conclusions
For the simulation of the unconsolidated aquifer layers of Marathon coastal hydrosystem,
the conceptual model took into consideration geological, hydrogeological, hydrological,
geophysical data (existing and recently collected field data), as well as geographical
information such as land cover, land use, DEM.
The natural boundaries of the system are the karstified marbles at the northern and western
part of the plain, the coastline at the southern part, while at the east the study area includes
a coastal wetland that is hydraulically disconnected to the underlying alluvial aquifer layer.
The system discharges into the Mediterranean Sea, while groundwater that is pumped from
a number of shallow and deeper groundwater wells -used for agricultural purposes- is
considered another significant loss from the system. The unconsolidated formation is
recharged mainly through: (i) direct infiltration from precipitation; (ii) the lateral inflows from
the surrounding karstified marbles; (iii) by irrigation return inflows; and (iv) the karstic spring
of Makaria which is a major discharge point of the local marble unit at the NE part of the
area.
The model calibration was based on a series of geological, hydrogeological, hydrologic and
geographical data that were collected from previous studies as well as during the SUBSOL
project. FREEWAT platform was proved an efficient and flexible tool for the realization of
the groundwater simulation of the study area, while as being integrated within a GIS
environment, it provided additional capabilities to this exercise.
After the calibration of the model was proved sufficient, this study involved a participatory
approach in order to design effective scenarios for a realistic application of SWS
technologies within the coastal aquifer of Marathon. The public participation involved a wide
range of stakeholders such as representatives from water authorities, water utilities, local
authorities, local farmer associations, NGOs, private companies and academics. The
outcomes of different workshops, roundtable discussions and day-seminars were used to
synthesize a series of alternative SWS applications in combination with the needs of each
stakeholder group.
A series of 5 different scenarios was designed, with 4 of them including alternative SWS
versions -by means of injection rate fluctuations and pump/inject schemes-, whereas the
last scenario was mainly suggested by the Water Authority of Attica and included a
modification of the pumping scheme of the local end-users. The above scenarios, suggest
that the optimal solution would be the one that combines: (i) a wide modification of the
pumping scheme -meaning the reduction of groundwater abstractions within the coastal
zone and pumping increase at the upstream zone where recharge from the karstic aquifer
takes place-; and (ii) simultaneous applications of SWS to tackle local groundwater problems
such as groundwater level dropdown and local seawater intrusion from preferential flow
through karstic conduits.
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Some more generic insights and future potentials for implementing SWS in coastal
Mediterranean hydrogeological systems, are described below:
Municipalities, farmer associations and other organisations can also potentially (depending
on local opportunities and funding schemes) implement these technologies at different
scales. As an example, the use of an alternative water course for large scale SWS in the
Marathon area has already been identified in collaboration with Athens’s Water and
Sewerage Company (EYDAP) in the form of the Marathon lake and the canal that links the
lake with the area of the Rowing Centre. This large scale intervention could form part of a
general water management plan by EYDAP, if the negotiations between the Company and
the Municipality of Marathon on taking up the water network’s management for the entire
area by EYDAP is successfully concluded.
With regard to the funding opportunities of these technologies, there are several national
and regional programmes that could fund solutions to address seasonal water availability
and saltwater intrusion issues, in other sites similar to the ones tested in Schinias.
Regarding potential national or regional funding options available within the Greek public
sector, for transferring and/or upscaling the technologies demonstrated in the pilot case of
Schinias, these include operational programmes at both national and regional levels.
Specifically:
At a regional level there exist two major funding mechanisms of direct relevance:



The Regional Operational Programme (ROP) of Attica 2014-2020
The Operational Programmes of the Local Administration (e.g. Municipalities)

At a national level, funding instruments that can be tapped for this purpose include:




The Operational Programme for Transport Infrastructure, Environment and
Sustainable Development, 2014-2020
The Partnership Agreement (PA) for the Development Framework 2014-2020
The Green Fund of the Hellenic Ministry of Environment and Energy

Towards this goal, it should be noted that SWS technologies are now part of the WFD RBMP
of Attica, as part of the relevant Programme of Measures (PoMs), following successful
consultations of the SUBSOL team with both the Water Directorate of the Decentralised
Administration of Attica, which is an active stakeholder of the SUBSOL project and
responsible for supervising the Attica RBMP and the consultants preparing the PoMs on
behalf of the Special Secretariat for Water of the Ministry of Environment. This enables SWS
to be eligible for Regional and National funding as potentially applicable technologies in the
context of the WFD for the region of Attica.
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6. Pilot Model
6.1 Conceptual approach of the pilot model
There are 2 layers in the model (top to bottom): two alluvial aquifer layers of different
hydraulic characteristics, the upper alluvial unit is of lower permeability, while the lower
alluvial unit has a higher hydraulic conductivity. The two model layers have thickness of 3m
(upper clayey layer), while the lower layer extends down to 20m.

6.2 Implementation of the groundwater flow model
6.2.1 Active domain and spatial discretization
The active domain of the model area includes the pilot site boundaries 280m × 400m, divided
in a 2m × 2m grid. This ends up to a grid of 224 columns and 246 rows per layer. The grid
cells size is considered to be adequate in order to represent the spatial changes that exist
for the unconsolidated aquifer system of the SWS Schinias pilot site.
6.2.2 Hydrodynamic parameters
The hydrodynamic parameters of the model include the hydraulic conductivity, specific
storativity and specific yield values for all aquifer layers. The values of hydraulic conductivity
were mainly concluded from geophysical surveys that took place in the area during previous
and present studies as well as field experiments that are described in previous section. More
specifically for each layer, the following were considered:
o Layer 1: 4.284E-5m/min= 7.13 Ε-7 m/s
o Layer 2: 0.0001864m/min= 3.1E-6 m/s
6.2.3 Hydrologic boundary conditions
The hydrologic boundary conditions used in the model, along with the process that they are
representing are the following:






General head boundary (GHB): This BC is assigned at the northern part of the pilot
site, where the alluvial aquifer of Marathon plain provides inflows to the pilot model.
The starting and ending heads for every GHB differs, according to the hydraulic head
that is measured in the boundary monitoring well.
Constant Head Boundary (CHD): This BC is assigned for the part of the pilot model
that is in hydraulic contact with the Mediterranean Sea. This is a typical BC approach
for coastal aquifer models, providing stable hydraulic heads at the lower part of the
model
Well (WEL): The WEL package is used to simulate the SWS experiments through
different groundwater wells that are used for groundwater abstractions as well as
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treated water injections. The WEL package is used to simulate both the horizontal as
well as the vertical SWS wells.
6.2.4 Initial conditions
For the initial conditions, the surface elevation is used. The first stress period is used in order
to calibrate the model under steady state conditions, while the following simulation steps
(i.e. consequent stress periods) refer to transient groundwater flow conditions.
6.2.5 Numerical codes
For the model implementation, USGS MODFLOW2005 was used for the simulation of
groundwater flow, while the seawater intrusion was simulated using the MT3DMS code.

6.3 Pilot Model Application
6.3.1 Model results
ModelMuse platform was used as the main modelling platform (Figure 57), which is a
graphical user interface (GUI) for the U.S. Geological Survey (USGS) models MODFLOW–
2005 and PHAST. This software package provides a GUI for creating the flow and transport
input file for PHAST and the input files for MODFLOW–2005. In ModelMuse, the spatial data
for the model is independent of the grid, and the temporal data is independent of the stress
periods. Being able to input these data independently allows the user to redefine the spatial
and temporal discretization at will. This report describes the basic concepts required to work
with ModelMuse. These basic concepts include the model grid, data sets, formulas, objects,
the method used to assign values to data sets, and model features.
The results of the simulation refer to acceptable coincidence with the observations, as
shown in Figure 58, where observed vs. simulated heads are plotted for the SUBSOL SWS
pilot model. Figure 59 presents the cumulative water budget for the entire simulation
exercise. The storage appears to be a key component of the model water budget; and
observation that is reasonable since the aquifer is simulated as unconfined (Convertible) so
the available storage is much higher compared to a confined unit.
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Figure 57. Application of the ModelMuse Platform for the simulartion of SWS SUBSOL Schinias

Figure 58. Observed vs. simulated heads of the SUBSOL SWS pilot model.
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Figure 59. Cumulative water budget of the SUBSOL Marathon regional model

6.4 SWS modelling approach
6.4.1 Main objectives of the SUBSOL pilot SWS modelling exercise
The model scenarios were constructed and applied by a synthesis of different pump and
injection combinations, that follow the main principles of SWS solutions such as
Freshkeeper, ASR-caostal and Freshmaker.
6.4.2 Description of alternative SWS applications in Schinias Marathon
pilot site
The development of alternative SWS application scenarios in Schinias Marathon pilot site,
are as follows:
Scenario A: Application of a SWS solution that involves treated groundwater injection
through the horizontally drilled well, without any pumping application prior the injection.
Scenario B: Application of a SWS solution that involves different combinations of treated
groundwater injection and groundwater pumping application during the injection.
Scenario C: Application of the pilot setup with groundwater injection being applied through
the vertical well while pumping is achieved through the HDDW.

84

Scenario D: Application of the pilot setup with where treated water is being injected through
the HDDW while pumping occurs through the vertical wells at different depths.
Detailed analysis of the designed scenarios is given in the following paragraphs.

6.4.2.1 SUBSOL SWS Pilot Scenario A
SUBSOL SWS Pilot Scenario A, involves the most basic pilot setup, that involves the
continuous injection of treated groundwater into the coastal aquifer of Schinias through the
exclusive use of the HDDW. This scenario does not involve pumping from the adjacent
vertical boreholes. The model application has the following characteristics:
o Injection rate: 2.5 m3/h in the HDDW
o Vertical Well pumping rate Pump: 0 m3/h (No pumping)
o Simulation period:40 days
o Initial Specific Electrical Conductivity in groundwater: EC 3400μS/cm
o Starting Head: 0.8 m
Figures 60 and 61 show the model results after the model application for the formerly
described SWS scheme, in pilot site of Schinias, for two different simulation periods. The
first model run, Scenario A1, involves a time period of 14 days, with constant injection of 2.5
m3/h in the HDDW, as shown in the following Figure 60.

Figure 60. Model results after the application of SUBSOL Scenario A1.

The second model run, Scenario A2, involves a time period of 40 days, with constant
injection of 2.5 m3/h in the HDDW, as shown in Figure 59 which follows.
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Figure 61. Model results after the application of SUBSOL Scenario A2.

From model application scenarios A1 and A2, it is proved that the injection of treated
groundwater into the pilot aquifer of Schinias, has significant effects on groundwater quality
(SEC reduction from 3400 to 2850 μS/cm). However, the application of a continuous
injection scheme, is dictated by the increase of the water table above the ground level
(overflowing conditions). In general, the main model results are as follows:
o Overflow: 14 days
o Hydraulic Head at day 14: 3m
o Min EC At day 14: 2569 μS/cm
o Hydraulic Head at day 40: 0.8 m
o Min EC at day 40: 2850 μS/cm

6.4.2.2 SUBSOL SWS Pilot Scenario B
SUBSOL SWS Pilot Scenario B, involves the dominant pilot setup, that involves the
continuous injection of treated groundwater into the coastal aquifer of Schinias through the
use of the HDDW, while constant pumping is being applied from the adjacent vertical
boreholes. The model application has the following characteristics:
o Injection rate: 2.5 m3/h in the HDDW
o Vertical Well pumping rate Pump: 1.0 m3/h (No pumping)
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o Simulation period: 70 days
o Initial Specific Electrical Conductivity in groundwater: EC 3400μS/cm
o Starting Head: 0.8 m
Figures 62 and 63 show the model results after the model application for the formerly
described SWS scheme, in pilot site of Schinias, for two different simulation periods. The
first model run, Scenario B1, involves a time period of 34 days, with constant injection of
2.5 m3/h in the HDDW, as shown in the following Figure 60.

Figure 62. Model results after the application of SUBSOL Scenario B1.

The second model run, Scenario B2, involves a time period of 70 days, with constant
injection of 2.5 m3/h in the HDDW, as shown in the following Figure 61.

Figure 63. Model results after the application of SUBSOL Scenario B2.

87

From model application scenarios B1 and B2, it is proved that the injection of treated
groundwater into the pilot aquifer of Schinias, has significantly better effects on groundwater
quality (SEC reduction from 3400 to 1737 μS/cm). The above is attributed to the effects of
pumping from the vertical well, which artificially increases the unsaturated thickness of the
recharge layer. The application of a continuous injection scheme, is again dictated by the
increase of the water table above the ground level (overflowing conditions), fact which
however took place after 34 days of recharge application. In general, the main model results
are as follows:
o Overflow: 34 days
o Hydraulic Head at day 34: 3m
o Min EC at day 34: 2213 μS/cm
o Hydraulic Head at day 70: 0.8 m
o Min EC at day 70: 1737 μS/cm

6.4.2.3 SUBSOL SWS Pilot Scenario C
SUBSOL SWS Pilot Scenario C, involves a hypothetical pilot setup, that involves the
continuous injection of treated groundwater into the coastal aquifer of Schinias through the
use of the vertically installed deeper groundwater wells, while constant pumping is being
applied from the HDDW. The model application has the following characteristics:
o Injection rate: 2.5 m3/h in the vertical well
o HDDW pumping rate Pump: 1.0 m3/h (No pumping)
o Initial Specific Electrical Conductivity in groundwater: EC 3400μS/cm
o Starting Head: 0.8 m
The results of this model application show that the pumping from the HDDW has negligible
effects on lower the water table and therefore increase the unsaturated zone of the aquifer.
This results in overflowing conditions of the pilot site (i.e. water table above ground level)
from the first day of model application.

6.5 Pilot model conclusions
The SWS solutions that were applied in Schinias pilot site are a hybrid design that is
synthesized by the three examples of subsurface water technologies to overcome common
freshwater issues in coastal aquifers (Zuurbier et al., 2017): (a) Freshmaker (horizontal wells
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to infiltrate in and recover from shallow freshwater lenses), (b) ASR- coastal (deep injection,
shallow recovery in brackish aquifers), (c) Freshkeeper (interception of upconing brackish
groundwater).
The model application for alternative SWS scenarios has proved that HDDW wells for
groundwater injection/extraction are an attractive new option for groundwater engineering
applications such as Managed Aquifer Recharge. In general terms, the cost savings of using
horizontally directionally drilled (HDD) wells may be substantial and thus facilitate
groundwater development in areas previously deemed unfeasible, while the use of HDDW
would allow greater borehole contact with the target formation and thus allow more water to
be injected/extracted from a specific aquifer layer. The use of horizontal wells for MAR is a
promising technology in succeeding to increase water supply and possibly reduce costs
(Pyne, 1995; Pyne, 2005). Blumenthal and Zhan (2016) analyse that because of these
possibilities, the use of HDD for ASR has been cited as a research need (Maliva and
Missimer, 2010; Segalen et al., 2005).
For the specific case of Schinias pilot, it was proved by the model that the optimal setup for
the SWS scheme, was found to be the one that involved the continuous pumping from the
vertical groundwater well, while continuous injection was being applied through the upper
HDDW well. This scenario proved that the vertical pumping increased the unsaturated zone
significantly during the experiment, while the effects of treated groundwater injection were
more pronounced for the target aquifer layer.
With regard to the site operation and after evaluating the modeling work, some conclusions
are described below:
1. Site selection: The site was carefully selected based on through survey and
investigation of the area (hydrogeological, archaeo-physical and geoelectrical
surveys) as well as targeted measurements (infiltration tests, etc.). Note: more than
20 licenses were required!
2. Recharge water quality: The rate of treated water was about 2,5m 3/h with a typical
conductivity of less than 200 μS/cm in an aquifer of a conductivity of about 3000
μS/cm. The amount of water to be recharged in the aquifer could be increased to
6m3/h, with one part of osmotic and two parts of water of Makaria (since it the latter
was found to be completely free of other contamination). Thus, the water levels could
be increased, rising also the storing potential. Additionally, clogging issues would also
be avoided.
3. Method of recharge: The water was recharged with infiltration, not injection, to avoid
the clogging effect.
4. Horizontal well potential: The HDD well is found to be useful for increased recharge
quantities as half of its route is within the saturated zone, providing potentials for high
recharge quantities (upscaling).
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5. Monitoring parameters: The useful parameters were water level, conductivity, water
temperature and pressure, as well as rainfall as it affects the recharge results.
6. Recovery: The optimum recovery rate was estimated through modelling based on
the desired values of water levels and conductivity. Water can be potentially pumped
from the aquifer, stored in a tank and be reused to irrigate plants of the National Park
using existing pipes infrastructure.
7. Other sources: SWS can have more impact by increasing water quantities to be
recharged in the aquifer through various mixing schemes of water sources (possibly
including rainwater) even at a local scale.
8. Pilot key message: SWS solutions, as part of the reuse/circular economy portfolio,
can support the protection, environmental regeneration and financial sustainability of
Mediterranean areas – but there is no ‘one-size’ fit all solution: SWS are case specific
and one needs to build on past knowledge (replication works), share experiences and
also improvise with what is available on site.
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7. ICT components
The ICT elements that have been developed for the purposes of implementing subsurface
water solutions in a karstic aquifer are presented in this chapter. First, the remote monitoring
and control component has been created, which can be used to transmit the data of the
configuration. Second, a data monitoring system has been developed, in which this data is
received, collected and stored permanently in a central database; the user can there
visualize measurements from sensors in a customizable way. Finally, a tool to identify
appropriate locations for efficient SWS installation has been developed based on the
topographical and hydrogeological conditions of the karstic aquifer areas.

7.1 Remote monitoring and control component
The SWS configuration needs to be to a significant extent remotely controlled. In order to
formulate a data monitoring network, a number of telemetric stations can be designed and
installed.

Figure 64. General architecture of the ICT infrastructure
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These stations refer to constant monitoring of all hydrologic zones (surface, unsaturated and
saturated zone) as well as groundwater quality monitoring (sampling and chemical analyses,
isotope hydrology etc.), as well as monitoring the operation of the configuration (functionality
of the treatment unit, water that enters and exits the unit, water recharged in the aquifer,
etc.).
Figure 64 depicts a schema of a proposed general architecture of the ICT infrastructure
responsible for data collection, management and presentation. The basic components of
each telemetric monitoring station are the following:







A number of instruments equipped with sensors measuring environmental
parameters
A data logger for caching the measured data. This unit acts as a short-term memory
of the station. Often it is replaced by an industrial PC providing additional
management functionality to the administration of the system.
The data transmission unit. Depending on the local infrastructure this unit may
connect either to the mobile network (GSM/GPRS) or to the PSTN using ADSL
technology.
In case it is not possible to connect the station to the electricity network; a power
supply unit is needed based on solar panels.

At the other end of the infrastructure, a Data Monitoring System (DMS) is responsible for the
collection and management of the data from all stations. The data transmission process is
designed to be executed periodically with a certain frequency depending on the type of the
measured environmental parameters.

7.2 The Data Monitoring System (DMS)
The Data Monitoring System (DMS) is connected at the other end of the data transmitting
infrastructure and it is responsible for the collection and management of the data from all
stations. The process can be initiated from both sides (server or remote system), typically
using the FTP protocol. The data are usually transmitted in small CSV files. In order to
minimize the volume of the transmitted data, only the last records are sent each time. The
DMS identifies newer data and stores them permanently in a central database. Additionally,
supporting datasets originating from other organisations are designed to be obtained and
stored in the central database.
A web application is developed, responsible for user authentication, data management and
presentation in a customized way using graphical elements such as charts, tables and
widgets. Additionally, users are able to specify complex expressions based on the raw data
and the system can issue alerts and warnings sent via email and/or SMS in case the
measurements exceed user defined thresholds. The application is developed in a
responsive way so that authorized users are able to access the data from their PC, tablet or
mobile devices.
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7.2.1 DMS Overview
The DMS is a platform that lets the user visualize measurements from sensors installed in
different measuring stations. The aim of this tool is to offer a variety of customization features
and display methods in order to be reusable and extensible to fit the needs of any user. For
this purpose, the logic of the application is separated from the way stations store and
process data. At the same time, the tool attempts to provide as many visualization features
(widgets) as possible.
The DMS is comprised of four modules as follows (figure 65):
A. Data transmission
Measured data are usually transmitted in the form of files from the observation stations to
the server through the mobile phone network GSM. The exact way the data are transmitted
depends on the local infrastructure and is examined on a case-by-case basis. The data files
can be stored in an intermediate repository located either in the DMS server or in a remote
server from where they are then accessed by the DMS.
B. Accessing and Parsing Module
This module reads data transmitted by the stations and stores them into the central
database. Data can be either single-valued or multi-valued (i.e. time-series). Storing multivalued data into the database poses an interesting challenge, as the volume of this data
tends to become really large with time. However, there are solutions to manage large
amount of data while remaining straightforward at the same time in order to be easily
maintained by future developers.

Data Transmission

Displaying

Accessing & Parsing

Building

Figure 65. The basic modules of the DMS

Many procedures of the DMS are aligned to excel mainly to facilitate the user needs. The
parser is able to read and analyse data files having various formats, e.g. Comma Separated
Values (CSV), JSON, XML, etc.
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The DMS can read these files either in local or in remote storage as follows:
(a) Local storage, which refers to files stored on the same computer that hosts the
application. It suggests that there must be a means for the data files to be transferred
from the station location to the computer that hosts the application (figure 66).

Figure 66. Defining a local storage of data files

(b) Remote storage. The DMS administrator may define a remote storage database where
data files are stored and are accessed through FTP credentials (figure 67).

Figure 67. Defining a remote storage of data files
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Reading from files can be scheduled to occur periodically with user-defined time intervals
no less than one minute. Also, assuming that the data files include time-stamped data, the
sequence of the files themselves is not important, as the DMS updates the database values
in accordance with the timestamps inside the data files.
Other options include setting the time-zone of the source, the location of the timestamp
inside the file, the delimiter which separates data (usually, a comma is used as delimiter but
other characters may be specified as well).
It is important to note, that only system administrators are allowed to create data sources
(local or remote).

C. Building Module
Once data are stored in the database, users are able to define variables by combining
measured data to visualize them. There are two types of variables:
(a) Atomic variables (single variables)
(b) Expressions (complex variables)

Figure 68. Creation of an atomic variable
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Figure 66 illustrates the basic steps for the definition of an atomic variable. Initially, users
provide a unique name for this variable (e.g. Electrical_Conductivity_1), then they choose
which column from the data file holds the values of this variable. Next, the users specify how
the data are processed (average, maximum, minimum, sum, most recent value, latest value
selection, etc.). Finally, the users specify the unit and a description for the atomic variable.
In some cases, users need to define complex variables e.g. the average value of column C
minus the average value of column E or the square root of the maximum value of column F
times 3, (figure 68). In the same way, users may graphically display the values of the atomic
variables and may create and display complex expressions of any type.

Figure 69. Building complex expressions from simple atomic variables

Values from the expressions are calculated “on-the-fly” and are not stored in the database
(in contrast to the atomic variables). Expressions tend to be modified more often by the user
than a simple atomic variable.
The purpose of the application is apparently to give maximum autonomy to the users to build
their own personal data dashboards (figure 69). There are several extensions of the existing
functionality described below.
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Figure 70. Options for representing single values or time-series data

D. Display Module
After having defined atomic variables and complex expressions, with the display module
users can create their own dashboard pages consisting of the visual representations of their
data. The DMS application offers many options to represent single or multi-valued data
(figure 71).

Figure 71. Options for representing time-series or multiple single-valued data
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Graphical representations of various data types are currently implemented as follows:
-

-

-

-

Simple text, which shows the latest atomic variables or expressions.
Percentage data of one variable, which illustrates a percentile representation of a
variable or an expression; the maximum value of this variable or expression is
provided as an input.
Time-series graphs (line or bar charts), where the multi-valued variables are
specified; multiple time-series variables can be displayed on the same graph for
comparison; users can zoom in and out to any period of the time series.
Percentage of multiple variables (pie or donut charts), where combined single-valued
variables can be displayed into pie or donut charts; the charts are customizable in
terms of colours for each variable.
Weather data, which draws weather data from public weather sources e.g. Open
Weather Data (figure 72).

Figure 72. Current weather data widget

All widgets are fully customizable and can be placed in various dashboard pages at the
same time.
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Figure 73 shows the available options on the example of a percentage-type widget.

Figure 73. The dashboard page full of user defined widgets

Widget removal
Any widget may be removed from any dashboard page. Removing a widget, does not
necessary mean that it is deleted also from the database, this happens only when a widget
is removed from all dashboard pages and the user is notified such an action.

Data history
Once a widget is created and added to a dashboard page, the DMS starts to record historical
data for that variable. “Data history” refers to all past variable values that the system has
stored. Data history is available through the widget options on the dashboard page and is
presented in the form of a time series graph.

7.2.2 DMS User Management
The DMS web application offers a simple but effective user management. With each
installation, a system administrator is registered with it. The administrator has full access to
the whole application including user management and the management of all dashboard
pages.
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Three types of users (figure 74) are supported by the system as follows:
-

Administrator. Administrators may create other user accounts, modify or remove
existing accounts, access all dashboard pages and modify existing widgets and
variables.

-

Staff. Staff members can create their atomic variables or expressions and add them
to the created dashboard pages; data created by other staff members cannot be
accessed.

-

Standard User. Standard user may only view the public dashboards; a dashboard
page is set to public by the staff or the administrator user.

Figure 74.User Management - Creating new users

7.2.3 DMS extensions
The DMS web application is a complex platform which supports reusability, is extensible
and maintainable and can be easily installed on any server. Additional features (extensions)
can be included in the DMS as follows:
-

System alerts. Users may choose for selected widgets to send email alerts or browser
notifications whenever a variable exceeds certain user defined thresholds.

-

Exporting of historical data. Users may have the option to download raw or
aggregated timeseries in the form of CSV file.

-

Support for OGC standards such as WaterML
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7.3 The SWS Location Identification Tool (LIT)
7.3.1 LIT Overview
The SWS Location Identification Tool (LIT) is a screening tool that scans an area to identify
locations that can be suitable for applying subsurface water solutions, performing spatial
operations on layers that describe the topographical and hydrogeological conditions of the
study area. The SWS include any one of the subsurface water solutions, i.e. Freshmaker,
Freshkeeper or ASR. These operations are parameterized allowing the user to define the
values of the parameters involved (e.g. maximum distance from power supply). The
necessary input information is summarized in table 6.

Table 6: Required geographic layers

Name
DTM
Water level
Coastline¹
Lens width²
Lens thickness²
Aquifer bottom
Restricted
Secure
Power
Aerial

Data model
raster
vector
vector
vector
vector
vector
vector
vector
vector
image

Geometry
point
polyline
polygon
polygon
point
polygon
polygon
point
-

File type
tiff
csv
kml
kml
kml
csv
kml
kml
kml
png

¹ only for Freshkeeper projects
² only for Freshmaker projects

The LIT has two tabs:



The first tab is for providing the required spatial information presented in table 2
(figure 75)
The second tab is for inspecting the spatial information given in the first tab (DTM,
water level, aquifer depth, distance from coast, distance from power supply, restricted
areas and secure areas) and for displaying the results of the performed spatial
analysis (figure 76).

For example, the user can examine which areas are more suitable for installing the pumping
or injecting boreholes for different values of parameters (the map is updated with the
selection of parameter values from a slide-bar). Finally, the user can export the results of
the analysis to a KML format that can be opened in Google Earth for a further processing.
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Figure 75. Definition of spatial info

Figure 76. Spatial analysis
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7.3.2 LIT required spatial information
Definition of the study area
The definition of the study area requires the determination of two KML point layers that
support the preparation of DTM and Aerial layers. Google Earth can be used to define these
layers
Digital terrain model
Digital terrain models (DTMs) can be obtained for EU study areas from the “Digital Elevation
Model over Europe” of EEA3. The projection of the datasets provided by EEA is ETRS89
(EPSG: 4258); however, all spatial data used in the LIT need to be in WGS84 (EPSG: 4326).
Thus, the downloaded raster from EEA needs to be re-projected and clipped to the study
area. These operations can be performed with tools provided by GIS.
Water level
The information regarding the water level of the studied area may be provided with a three
columns csv file that contains the coordinates in WGS84 (longitude, latitude) of the
measurement points and the corresponding water level in metres above mean sea level
(MAMSL). If the coordinates are available in a different coordinate system, they should be
converted to WGS84. The LIT employs a linear interpolation method to produce from these
measurements a raster layer with the water levels over the study area.
Coastline
This is a polyline KML layer in the WGS84 coordinate system that illustrates the coastline;
Google Earth can be used to prepare this layer.
Lens width and thickness
This is a polygon KML layer with WGS84 coordinate system that gives the width/thickness
of the lenses under various areas; Google Earth can be used to prepare this layer. It is noted
that the use of altitude field to keep attributes of layer is a workaround. A side effect is the
representation of the polygons as features elevated from the surface.
Aquifer bottom
The aquifer bottom is defined by a plane, the definition of which requires three points. This
information is provided by a three columns file that contains three records (each record
corresponding to a plane point). The first two columns are the coordinates in WGS84
(longitude, latitude) and the third column is the depth of the aquifer bottom (positive number).

3

DEM for Europe available at: http://www.eea.europa.eu/data-and-maps/data/eu-dem#tab-original-data
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Restricted areas
This refers to the definition of the restricted areas (e.g. protected areas, archaeological sites,
military installations, etc.), where SWS may not be installed. A polygon KML layer with
WGS84 coordinate system is entered.
Secure areas
This is the definition of the secure areas where SWS may be protected against vandalism
or theft. A polygon KML layer with WGS84 coordinate system is entered.
Power supply locations
This refers to the definition of power supply locations in the study area. A point KML layer
with WGS84 coordinate system is entered.
Aerial image
The aerial image is used as background in this tool; the image boundaries should be exactly
the same with the DTM dataset of the study and can be obtained from Google Earth.

7.3.3 LIT Spatial analysis
The siting of the SWS installations (pumping boreholes, the treatment unit, the injection
area, etc.) is performed by employing boolean algebra over the spatial data (e.g. conjunction
of two logical values and negation of a logical value). The characteristic depths and levels
in coastal aquifers are illustrated in figure 77, while the symbols of the parameters employed
in the formulation of the logical values are introduced in table 7 and the operators used in
logical values in table 8.

Figure 77: Characteristic depths and levels in coastal aquifers
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Table 7: Nomenclature

Symbol

Description

ij
Hgij
Hfij
Hf
w1
w2
Aij
a
Dpij
Dp
Rsij
γ

The row and column of the cell of a raster dataset
The MAMSL elevation of the land surface of the cell ij
The water level of the cell ij (m)
The raster layer with water level of the study area
The weight of groundwater resource potential [0,1]
The weight of groundwater depth [0,1]
The depth of the aquifer bottom of the cell ij (m)
The maximum aquifer depth to protect from saltwater intrusion (m)
The water level depth of the cell ij (m)
The raster layer with the water level depth of the study area
The restriction status of the cell ij {False, True}
The ratio of the fresh water density to the fresh/seawater densities difference
(assumed 40)
The secure status of the cell ij {False, True}
The distance of the cell ij from the power supply (m)
The maximum acceptable distance from a power supply (m)
The distance of the cell ij from the coast (m)
The maximum distance from the coast that intrusion is allowed (m)
The thickness of the lenses of the cell ij (m)
The radius of the lenses of the cell ij (m)
The drawdown or the rise due to pumping at the cell ij (m)
The pumping/injection rate at the cell ij (m3/d)
Hydraulic conductivity at the cell ij (m/d)
The water level rise required to prevent the saltwater intrusion at the cell ij
(m)

Sij
Pij
p
Cij
c
Thij
Rij
dHfij
Qij
Kij
Hadij

Table 8: Operators used in logical values

Operator

Meaning

MIN()
MAX()
min(,)
max(,)
│grad(X,i,j)│
˄
¬

the minimum value of the raster layer given as argument
the maximum value of the raster layer given as argument
the minimum value between the two values given as arguments
the maximum value between the two values given as arguments
the gradient magnitude at the cell ij of the raster layer X
logical AND
logical NOT
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The indicated areas for installing the units for the cases of freshkeeper and freshmaker
solutions are presented below:
A. Freshkeeper solutions
Indicated areas for pumping boreholes
For the Freshkeeper solution, the cell ij is suitable for injection if the following expression is
true:
Hfij>MIN(Hf)+w1(MAX(Hf) – MIN(Hf)) ˄ Dpij< MIN(Dp)+w2(MAX(Dp) – MIN(Dp)) ˄ ¬Rsij

The previous spatial query has two parameters, the weight of water “abundance” w1 (higher
values indicate the desire to install the pumping boreholes in locations where the water level
is higher), and the weight of the water depth w2 (lower values indicate increased tolerance
to install the pumping boreholes in locations where the water is pumped from lower depths).
This query identifies the locations where:




the water level is higher than a specific level (defined by w1, but between the
minimum and maximum water level of the area) and
the depth of the water level is lower than a specific level (defined by w2, but between
the minimum and maximum depth of the water level of the area) and
it is permitted the installation of the boreholes.

Indicated areas for unit installation
The cell ij is suitable for the unit installation if the following expression is true:
Sij ˄ Pij<p ˄ ¬Rsij
The previous spatial query has one parameter, the maximum acceptable distance p from a
power supply point. This query identifies the locations where:




it is secure and
the power supply is acceptably close and
it is permitted the installation of the unit

Indicated areas for injection
The cell ij is suitable for installation of injection boreholes if the following expression is true:
Hgij > min( Aij–Hgij, a–Hgij )/γ ˄ Hfij < min( Aij–Hgij, a–Hgij )/γ ˄ ¬Rsij ˄ Cij>c
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The previous spatial query has two parameters, the maximum distance c from coast that
seawater intrusion is allowed (0 means to ensure no intrusion, hence to deploy injections, 0
meters from the seafront), and the maximum aquifer depth a to ensure freshwater quality.
This query identifies the locations where:





the surface elevation allows the build-up of a water level sufficient to intercept the
saltwater intrusion and
there is the need (low water level) to do so and
it is permitted the installation of the injections and
it is at a reasonable distance from the seafront.

B. Freshmaker
Indicated areas for unit installation
The cell ij is suitable for Freshmaker if the following expression is true:
Sij ˄ Pij<p ˄ ¬Rsij ˄ Aij<20 ˄ (Aij – Dpij)>9 ˄ Thij >3 ˄ 5 │grad(Hf, i, j)│/365 < 0.1 Rij

This query identifies the locations where all the conditions bellow are met:








it is secure area
the power supply is reasonably close
the installation of the unit is permitted
the aquifer bottom is not deeper than 20 meters
the saturated aquifer thickness is greater than 9 meters
the thickness of lenses is greater than 3 meters
the hydraulic flow (estimated with Darcy formula assuming 5 m/d hydraulic
conductivity) in m/year is less than the 10% of the lens radius.
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8. Conclusions
The present document forms a guide for implementing integrated SWS along with practicing
advanced water treatment techniques and using ICT applications for the case of karstic
aquifers. For the purposes of the SUBSOL project, a typical Mediterranean environment has
been selected to test these technologies: Schinias in the Marathon plain (Greece).
The site of Schinias was selected to be one of the SUBSOL pilot areas as it is a coastal
karst aquifer with the characteristics of a distinct ecosystem linked to a typical coastal
hydrogeological system of a Mediterranean region. At the same time, seawater intrusion in
this area has affected groundwater within both formations, however in the upper
unconsolidated layer the movement of saline water into freshwater aquifer is more
pronounced.
The Schinias pilot exploits a rather usual Mediterranean context: the alluvial aquifer which
is in use by both the wetland and agriculture, is sitting on top of a karstic aquifer, discharging
relatively good quality water straight to the sea. The pilot attempted to use karstic water
resource, treat it with novel pollution remediation techniques - Advanced Oxidation
Processes (AOP) and Reverse Osmosis - and recharge it in the alluvial aquifer, in order to
turn this currently unused resource, into a source for protection, regeneration and financial
sustainability for the area as well as other similar karstic aquifer areas throughout the
Mediterranean.
In order to effectively implement the appropriate SWS in a karstic coastal aquifer, first the
behaviour of the hydrosystem is studied and its particular characteristics is identified. In
particular, research and field activities are performed in the selected site to establish the
current state of the system and monitor the various processes. Additionally, modelling
activities are carried out to simulate the behavior of the hydrosystem and assess the sea
water intrusion variability.
After determining the characteristics of the system, the proposed integrated SWS are
designed, implemented and tested with increased transferability, flexibility and up scalability.
Finally, the behaviour of the configuration is then monitored and assessed, in order to
implement improvement activities if necessary to optimize the operation.
The water treatment techniques to process brackish water and reinject it in the upper aquifer
are also explicitly explored. The unit is quite a flexible setup and combines an innovative
system of coupled AOP and RO units, aiming at reducing both the overall organic and
inorganic load of the source water and to provide the aquifer with water of high quality.
This report finally presents the ICT elements that have been developed for the purposes of
implementing subsurface water solutions in karstic aquifer areas.
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In summary, some conclusions for the site operation are described below:
1. Site selection: The site was carefully selected based on through survey and
investigation of the area (hydrogeological, archaeo-physical and geoelectrical
surveys) as well as targeted measurements (infiltration tests, etc.). Note: more than
20 licenses were required!
2. Recharge water quality: The rate of treated water was about 2,5m 3/h with a typical
conductivity of less than 200 μS/cm in an aquifer of a conductivity of about 3000
μS/cm. The amount of water to be recharged in the aquifer could be increased to
6m3/h, with one part of osmotic and two parts of water of Makaria (since it the latter
was found to be completely free of other contamination). Thus, the water levels could
be increased, rising also the storing potential. Additionally, clogging issues would also
be avoided.
3. Method of recharge: The water was recharged with infiltration, not injection, to avoid
the clogging effect.
4. Horizontal well potential: The HDD well is found to be useful for increased recharge
quantities as half of its route is within the saturated zone, providing potentials for high
recharge quantities (upscaling).
5. Monitoring parameters: The useful parameters were water level, conductivity, water
temperature and pressure, as well as rainfall as it affects the recharge results.
6. Recovery: The optimum recovery rate was estimated through modelling based on
the desired values of water levels and conductivity. Water can be potentially pumped
from the aquifer, stored in a tank and be reused to irrigate plants of the National Park
using existing pipes infrastructure.
7. Other sources: SWS can have more impact by increasing water quantities to be
recharged in the aquifer through various mixing schemes of water sources (possibly
including rainwater) even at a local scale.
8. Pilot key message: SWS solutions, as part of the reuse/circular economy portfolio,
can support the protection, environmental regeneration and financial sustainability of
Mediterranean areas – but there is no ‘one-size’ fit all solution: SWS are case specific
and one needs to build on past knowledge (replication works), share experiences and
also improvise with what is available on site.
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Finally, some more generic insights and future potentials for implementing SWS in
coastal Mediterranean hydrogeological systems, are described below:
Municipalities, farmer associations and other organisations can also potentially (depending
on local opportunities and funding schemes) implement these technologies at different
scales. As an example, the use of an alternative water course for large scale SWS in the
Marathon area has already been identified in collaboration with Athens’s Water and
Sewerage Company (EYDAP) in the form of the Marathon lake and the canal that links the
lake with the area of the Rowing Centre. This large-scale intervention could form part of a
general water management plan by EYDAP, if the negotiations between the Company and
the Municipality of Marathon on taking up the water network’s management for the entire
area by EYDAP is successfully concluded.
With regard to the funding opportunities of these technologies, there are several national
and regional programmes that could fund solutions to address seasonal water availability
and saltwater intrusion issues, in other sites similar to the ones tested in Schinias. Towards
this goal, it should be noted that SWS technologies are now part of the WFD RBMP of Attica,
as part of the relevant Programme of Measures (PoMs), following successful consultations
of the SUBSOL team with both the Water Directorate of the Decentralised Administration of
Attica, which is an active stakeholder of the SUBSOL project and responsible for supervising
the Attica RBMP and the consultants preparing the PoMs on behalf of the Special
Secretariat for Water of the Ministry of Environment. This enables SWS to be eligible for
Regional and National funding as potentially applicable technologies in the context of the
WFD for the region of Attica.
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