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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 is studied and its particular characteristics are 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. 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.  

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 also presents the ICT elements that have been developed for the purposes of 

implementing subsurface water solutions in a karstic aquifer. First, the remote monitoring 
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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 

1.1 Karst terrain 

Karst terrain accounts for a significant portion of the global land surface at all latitudes and 

at all elevations. It has been estimated that about a fifth of the world's dry, ice-free land is 

karst. In Europe karst areas cover about a third of the continent (Ravbarab and Šebelaa, 

2015). 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). 

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 1). 

 

 

Figure 1. Diagram of typical karst landscape and its hydrological characteristics 

Source: Bakalowicz M. (2005) 
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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. 

 

 

Figure 2. 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) 
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Due to all described characteristics, the karst aquifers are extremely vulnerable to various 

sources of contamination without significant attenuation (figure 2). 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. 

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. 

 

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.  
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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. 

 

1.3 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 3). 

 

 

Figure 3. 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.  

The research activities include several tasks, which refer to surface geophysical 

investigations and remote sensing, hydrogeophysics and field analysis as well as 

groundwater quality monitoring (figure 4).  
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Figure 4. 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 5).  

 

 
 

Figure 5.Infiltration tests 
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monitoring (figure 4).  
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Extensive geophysical investigations are also executed in order to assess the extent of the 

freshwater lens (figure 6).  

 

 

Figure 6. 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 7). 

 

 

Figure 7. Isotopic signatures 
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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-
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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. 

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 1). 

With regard to the chemical analyses there are different types to be carried out:  

(i) basic chemical composition of groundwater samples from the saturated zones of 

both the alluvial and karst aquifer; 

(ii) isotopic composition of groundwater samples from the saturated zones of both 

the alluvial and karst aquifer; 

(iii) 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 

(Ca2+, Mg2+, Na+, K+, HCO3
-, SO4

2-, 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) chemical analyses of groundwater samples from the saturated zone of the 

alluvial and karstic aquifer (wet period); 

(ii) isotopic composition of groundwater samples for the dry and wet period; 
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(iii) different porewater extractions for further investigations of stable isotopic 

composition in the unsaturated zone; 

(iv) estimation of hydraulic conductivities from soil samples in the unsaturated zone 

(v) measurements of permeability. 
 

Table 1. Monitoring water parameters 

MONITORING WATER PARAMETERS 

Water quality measurements 

Parameter Frequency Measurement type Measurement style 

Physico-chemical parameters 
(SEC, pH, T, DO) 

Monthly In situ Campaign 

Major ions Monthly In laboratory Campaign 

Trace elements Monthly In laboratory Campaign 

Cations: Na, K, Mg, Ca, Sr, Ba Monthly In laboratory Campaign 

Anions: SO4, Si, S, HCO3, Cl Monthly In laboratory Campaign 

Stable Isotopes (δ18O, δ2H) Every 2 months In laboratory Campaign 

Physico-chemical parameters 
(SEC, pH, T) 

10mins In situ Automatic 

Samples of rainwater Not available In situ Automatic 

Other parameters (ex. pesticide 
residues, heavy metals etc.) 

Other In laboratory Campaign 

    Hydrological measurements (surface & groundwater) 

Parameter Frequency Measurement type Measurement type 

Groundwater level Monthly In situ Campaign 

Groundwater level 10mins In situ Automatic 

Groundwater level 10mins In situ Automatic 

Groundwater level 10mins In situ Automatic 

Groundwater level 10mins In situ Automatic 

Groundwater level 10mins In situ Automatic 

Stream Discharge 10mins In situ Automatic 

    Field work 

Parameter Frequency Measurement type Measurement type 

Aquifer hydraulic parameters Not available Pumping tests Campaign 

Recharge rate Not available 
Double ring infiltration  

test (in situ) 
Campaign 

Water content profile Not available In situ Campaign 

    Water treatment plant measurements 

Parameter Frequency Measurement type  

Physico-chemical parameters 
(SEC, pH, T, TOC, turbidity, 
COD) 

Every 15 days Water treatment plant 

 Cations: Na, K, Mg, Ca, Sr, Ba Every 15 days Water treatment plant 
 Anions: SO4, Si, S, HCO3, Cl Every 15 days Water treatment plant 
  

Other data that need to be studied and taken into account are lithological records, longtime 

series of piezometric level and the locations of all the wells.   
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2.3 Modelling processes 

Modelling activities and processes to simulate the behavior of the hydrosystem and assess 

the sea water intrusion in order to implement the appropriate SWS configuration, include: 

o Simulation of multi-aquifer system for alluvial and karst units  

o Calibration under steady state conditions 

o System conceptualization based on historical data and newly acquired field data 

o Spatial representation of the concentration of chloride ions to monitor the seawater 

diffusion in an aquifer: the AkvaGIS module 

o Participatory driven scenarios 

o Contaminant transport 

o FARM `USGS module for agricultural water optimization 

o System response after full scale implementation of the pilot 

2.4 Pilot study 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; Pulido-

Leboeuf, 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 8): 

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. 

 

 

Figure 8. Hydrogeological setting in Marathon plain 

 

 

 

The main hydrogeological units of the area involve a multi-layer aquifer system that 

consists of:  

(i) an upper unconsolidated formation dominated mostly by alluvial quaternary 

deposits 

(ii) 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 9).  
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Figure 9. Hydrogeological map of Marathon 

  



 

  24 

3. Implementing integrated SWS in karstic aquifer 

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.  

3.1 Pilot SWS concept 

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. The aim was to demonstrate how this currently unused resource, can be 

turned into a source for protection, regeneration and financial sustainability for the area as 

well as other similar ones throughout the Mediterranean. 

The pilot research and engineering concepts include the following steps (figure 10): 

 

 

 

Figure 10. Pilot research and engineering concept 
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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 

 

3.2 Pilot site selection  

For the selection of the appropriate site, specific criteria that are typical for Mediterranean 

coastal areas are taken into account: 

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 11) 
 

 

 

 

Figure 11. Artificial Recharge (AR) site specific conditions 

(Adapted from Baeteman C. 1985) 
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3.3 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. 

 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. 
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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. 

 

3.4 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 12): 

 Water supply installations (area A) 

 Water treatment units (area B) 

 Artificial recharge configuration (area C) 

 

 

Figure 12. Pilot SWS configuration 

 

  

Area A 

Area B 

Area C 
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3.4.1 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 13).  

 

    

Figure 13. Water supply installations 

 

3.4.2 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 
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a 4G mobile internet wireless router. An alarm and fault messaging system was set up by 

means of a GSM SIM card.  

3.4.3 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 14.  

 

 

Figure 14. Artificial Recharge site specific conditions 

 

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. 

 

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.  
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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).  

 

 

Figure 15. Stratigraphic and hydraulic setting of AR site 
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Exploratory wells can be used to acquire the detailed litho-stratigraphy of the subsurface 

layers (figures 16 & 17), including wireline methods e.g. Geophysical Well Logging (GWL).  

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Artificial recharge well stratigraphy 

 

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 17. Artificial recharge configuration setting 

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. 
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In the specific pilot, the site consists of a four wells system, three vertical and one 

horizontal well (figure 18). 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 18). 

 

Figure 18. 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 19). 

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 20). 

 

Figure 19. 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 
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depth and then rises up to the surface. The purpose is to introduce one filter screen in the 

saturated part of the aquifer.  

 

 

Figure 20. 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. 

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 21. 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 
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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 an 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 23).  

TiO2 is considered an efficient, low cost and highly stable semiconductor photocatalyst, 

widely used in water treatment applications. When photocatalyst TiO2 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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Figure 22. 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. 

 

pump to a stream of flow 

rate of >1000 m
3
/ h 

6620 μS/cm 
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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 

pre-concentrated 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 24. 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 23. 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 24).  
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Figure 24. 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.   
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5. 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. 

 

5.1 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 25. 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 25 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.  

5.2 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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5.2.1 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 26):  

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 multi-

valued 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.  

 

 

Figure 26. 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. 

 

Data Transmission 

Accessing & Parsing Building 

Displaying 
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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 27). 

 

Figure 27. 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 28). 

 

 

Figure 28. 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 29. Creation of an atomic variable 
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Figure 29 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 30). 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 30. 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 31). There are several extensions of the 

existing functionality described below.  
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Figure 31. 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 32). 

 

 

Figure 32. 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 33). 

 

 

Figure 33. 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 34 shows the available options on the example of a percentage-type widget. 

 

 

Figure 34. 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.  

 

5.2.2 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 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 35.User Management - Creating new users 

 

5.2.3 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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5.3 The SWS Location Identification Tool (LIT) 

5.3.1 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 2. 

 

Table 2: Required geographic layers 

Name Data model Geometry File type 

DTM                 raster - tiff 

Water level        vector point csv 

Coastline¹          vector polyline kml 

Lens width²       vector polygon kml 

Lens thickness² vector polygon kml 

Aquifer bottom vector point csv 

Restricted         vector polygon kml 

Secure              vector polygon kml 

Power               vector point kml 

Aerial               image - 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 37) 

 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 38).  

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 36. Definition of spatial info 

 

 

 

Figure 37. Spatial analysis 
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5.3.2 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 EEA1. 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).  

 

                                            
1 DEM for Europe available at: http://www.eea.europa.eu/data-and-maps/data/eu-dem#tab-original-data 

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. 

 

5.3.3 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 39, while the symbols of the 

parameters employed in the formulation of the logical values are introduced in table 3 and 

the operators used in logical values in table 4. 

 

Figure 38: Characteristic depths and levels in coastal aquifers 
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Table 3: Nomenclature 

Symbol Description 
ij     The row and column of the cell of a raster dataset 

Hgij      The MAMSL elevation of the land surface of the cell ij 

Hfij       The water level of the cell ij (m) 

Hf        The raster layer with water level of the study area 

w1       The weight of groundwater resource potential [0,1] 

w2      The weight of groundwater depth [0,1] 

Aij        The depth of the aquifer bottom of the cell ij (m) 

a           The maximum aquifer depth to protect from saltwater intrusion (m) 

Dpij     The water level depth of the cell ij (m) 

Dp        The raster layer with the water level depth of the study area 

Rsij      The restriction status of the cell ij {False, True} 

γ       The ratio of the fresh water density to the fresh/seawater densities difference 
(assumed 40) 

Sij     The secure status of the cell ij {False, True} 

Pij            The distance of the cell ij from the power supply (m) 

p              The maximum acceptable distance from a power supply (m) 

Cij            The distance of the cell ij from the coast (m) 

c               The maximum distance from the coast that intrusion is allowed (m) 

Thij             The thickness of the lenses of the cell ij  (m) 

Rij             The radius of the lenses of the cell ij (m) 

dHfij         The drawdown or the rise due to pumping at the cell ij (m) 

Qij            The pumping/injection rate at the cell ij (m3/d) 

Kij             Hydraulic conductivity at the cell ij (m/d) 

Hadij         The water level rise required to prevent the saltwater intrusion at the cell ij (m) 
 

Table 4: Operators used in logical values 

Operator Meaning 
MIN()          the minimum value of the raster layer given as argument 

MAX()          the maximum value of the raster layer given as argument 

min(,)          the minimum value between the two values given as arguments 

max(,)          the maximum value between the two values given as arguments 

│grad(X,i,j)│ 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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6. 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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