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ABSTRACT 

The construction of large infrastructure projects such as highways, railroads, landfills, airports, harbours 
offers great social-economic opportunities for the development of a region; it is also mainly responsible 
for the deterioration of natural environment in the greater areas where these projects are located. The 
goal of environmental impact assessment (EIA) that is carried out before the construction of such a 
project is to propose measures and actions that will limit negative environmental impacts during its 
construction and operation phases. The common perception is that large scale infrastructure projects 
can only damage natural environment even though very strict environmental requirements are imposed 
by the Authorities. This was not the case in Eleonas Attikis region in Greece where METRO facilities were 
built. During the construction phase, hazardous solid wastes were found buried in the urban area where 
METRO facilities (station, tunnel and depot) were located, raising serious environmental issues in 
natural and human environment in the region. 

The protection and restoration of environment in an uncontrolled waste dumpsite require accurate 
estimation of subsurface pollution extent and intensity. The scope of the present analysis is to map the 
contamination in the aquifer of Eleona Attikis where METRO facilities (station, tunnel and depot) were 
built. Numerical modelling approaches were used to estimate environmental impacts of this project to 
soil and water resources in the greater region. The results have shown that the removal of buried solid 
wastes to construct METRO station and depot was crucial in order to eliminate negative impacts in soil 
and subsurface water resources. An impact assessment of hazardous solid wastes buried for many years 
in the aquifer was also performed. The findings of this analysis proved that the implementation of a 
large infrastructure project such as the one in Eleona Attikis Greece was environmentally beneficial for 
the region. 

Keywords: Environmental impact assessment, soil and subsurface water map pollution, METRO 
infrastructure facility, uncontrolled solid wastes disposal, aquifer remediation actions, numerical 
modelling and pollution monitoring  
 
 
1. Introduction 
 
Previous research works have shown that implementation of large scale infrastructure works may cause 
changes in the environmental conditions of a region. For that reason, an environmental assessment 
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should be undertaken for a) individual projects, such as dams, highways, airports or factories, on the 
basis of Directive 85/337/EEC (known as 'Environmental Impact Assessment' – EIA Directive) and b) 
plans or programmes on the basis of Directive 2001/42/EC (known as 'Strategic Environmental 
Assessment' – SEA Directive) in order to first assess impacts and then propose specific actions to control 
them. The goal of both Directives is to ensure that plans, programmes and projects with significant 
impacts on natural and human environment are designed subject to an environmental assessment, prior 
to their approval and implementation. 

Due to economic growth and population increase the last few decades, solid wastes volume has 
increased and environmental impacts from their uncontrolled disposal were more intense. Illegal 
dumpsites are sources of air, soil and water pollution and therefore they should stop operating or 
should be replaced immediately by sanitary landfills (Tchobanoglous and O’Leary, 2002). The main 
environmental problems caused by uncontrolled dumpsites are mainly due to lack of a) water proof 
systems at the bottom and the slopes of a landfill, b) leachate drainage system, c) biogas management 
system, d) flood control, e) fire protection system, f) site fencing, g) visual screening and landscape 
improvement works and h) environmental monitoring (Lolos et al., 2007). Collection and management 
of leachate produced in a landfill is a key factor to obtain protection and remediation of the aquifer. 
Therefore, the development and application of methodologies for precise tracking of possible 
contamination source and leakage due to construction failures are very important. 

1.1 Previous Experience 

Although specific procedures that take place during contaminant mass transport in the ground, have 
already been described with good accuracy in lab scale (Nelson et al. 2003; Wei, 2006; Sharma and Dixit, 
2013; Chang and Clement, 2013) however there is an ambiguity of the way that a contaminant is 
diffused and dispersed in an aquifer underneath a landfill. This is mainly due to the uncertainty related 
to the determination of necessary aquifer parameters to describe the complex physical, chemical and 
biological processes that take place in a landfill (El-Fadel et al., 1997). In 1999, Mato (1999) presented 
the key features of a EIA procedure involving the establishment of sanitary landfills in five municipalities 
in Tanzania. The risk of potential soil and groundwater contamination was considered extremely high 
since the sites were composed of high permeability sand soil allowing pollutants to travel great 
distances in the aquifer. 

Several cases determining groundwater leachate pollution using analytical, geophysical and chemical 
methods were reported in the literature (MacFarlane et al. 1983; Reinhard et al. 1984; Albaiges et al. 
1986; Pastor and Hernández, 2012). There are limited references to experimental or mathematical 
modeling setups that were used to determine groundwater contamination due to uncontrolled solid 
wastes disposal. An experimental setup was built by Vourdias (2001) to assess the effects of 
contaminant desorption on the effectiveness of pump - and - treat remediation system in a shallow 
homogeneous aquifer contaminated by hazardous waste materials illegally disposed in dumpsites. 
Verwiel et al. (2001) have also developed a groundwater flow model of Gray Wolf aquifer in Central 
Arizona U.S., to study the most effective way of groundwater drainage in this specific area where a 
sanitary landfill was operating and more space was needed to dispose urban solid wastes. Additionally 
Abu-Rukah and Al-Kofahi (2001), after monitoring several physical and chemical parameters in a landfill 
in El-Akader in Northen Jordan, concluded that the quality of groundwater had been significantly 
deteriorated due to leachate contamination and as impact, water resources in the region could not be 
used any more. According to Fatta et al. (2002), the uncontrolled infiltration of leachate into vadose 
zone and then into saturated zone was considered to be the most serious environmental impact in Ano 
Liosia Landfill in Greece. In their analysis a groundwater flow and contaminant mass transport model of 
the region in combination with Ecosim system have been developed, to propose an integrated 
environmental monitoring and modeling system. Papadopoulou et al. (2007) developed a mathematical 
model in order to evaluate the degradation risk of groundwater quality in areas with important social 
and economic interest, in case of landfill leachate contamination. Their results showed that, in case of a 
toxic groundwater contamination, the contaminant plume, due to the hydrogeological conditions in the 
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region such as high hydraulic gradient and permeability, could affect the quality of extracted 
groundwater.  

Rouholahnejad and Sadrnejad (2009) estimated leachate quantities that might infiltrate into the aquifer 
where a landfill in Lebanon was located based on Hydrological Evaluation of Landfill Performance (HELP) 
model. The sensitivity analysis showed that changes in the origin of contamination, hydraulic 
permeability and contaminant dispersion could significantly affect contaminant mass transport. A 
numerical solution of finite difference contaminant transport equation was also carried by Jhamnani and 
Singh (2009) to model Bhalaswa aquifer in New Delhi, India where an uncontrolled landfill was 
operating, without any aquifer protection measurements. The results were in agreement with the 
observed chloride concentrations in groundwater highlighting serious contamination problems. The 
inability of Indian administration to account for environmental damages in groundwater resources in the 
state of Tamil Nadu India was investigated by Venkatachalam (2004). Finally, the evaluation of surface 
and subsurface water quality in Lagos, Nigeria, proved that uncontrolled wastes disposal in water 
channels in combination with buried wastes contribute to heavy metal groundwater contamination by 
violating EPA limits either in maximum values or in time levels (Odukoya and Abimbola, 2010). 
 
2. MATHEMATICAL MODELING ESTIMATION OF CONTAMINANT PLUME  
 
Mathematical modeling is used to describe and analyze mechanisms that control groundwater flow and 
mass transport in order to first determine contaminant plume extent due to leachate production and 
then propose necessary actions to resolve possible contamination issues. In this analysis groundwater 
modeling is used to first achieve a good understanding of the physical processes that take place in 
Eleonas aquifer and then estimate the response of the aquifer after the construction and during the 
operation of the proposed METRO facilities. 

The area of interest is located in the North – Northwest section of Eleonas region in Attikis Prefecture 
(Greece), east of National highway of Athens – Lamia (Kifissos river), west of Profiti Daniel stream, south 
of Iera Odos street and north of Orfeos street (Figure 1a). The simulated area was approximately 0.8 km2 
(1000m x 800m). According to the available historical data, until 1945 agricultural activities were taking 
place in the area, the following decades there was a dramatic change in land uses considering mainly 
industrial and commercial activities. In particular, a part of this area was used to quarry clay for the 
adjacent ceramic industries. After clay was fully excavated at early 80’s, the area then was used as an 
uncontrolled wastes dumpsite where urban solid wastes mixed with manmade fill material were 
disposed.  

  

(a) (b) 

Figure 1. a) Area of study - Solid lines indicating the locations of METRO tunnel and depot b) Location of 
buried solid wastes within the area of interest - Dash line 

(ΑΤΤΙΚΟ ΜΕΤRΟ S.A., 2005; 2009) 

In 2000, the construction of the underground tunnel to extent METRO line 3 to Egaleo Town was 
planned. The project also included the construction of Eleonas station and a METRO depot within the 
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area of interest. Geological investigation indicated the existence of wastes covered by manmade 
deposits (Figure 1b). The current conditions were estimated to be very hazardous since solid wastes 
were found within a high cultural value urban area close to the historical Athens city center. In addition 
the existence of an uncontrolled landfill created serious environmental issues to natural environment as 
well as to public health in terms of drinking water and irrigation quality. 

Based on the collected contamination data, ammonia mass transport was chosen to be modeled as it 
was considered the main soluble groundwater contaminant in the region. Ammonia deprotonates a 
small fraction of the water to produce ammonium which is an indicator of possible bacterial, sewage 
and animal waste pollution (WHO, 2003). Following chronologically the construction activities that took 
place in the area, the developed groundwater model was divided in four stages. In this way, an accurate 
representation of the changes in the aquifer was obtained. In the first stage, the initial conditions in the 
region prior to any construction were achieved for a period of one year (2001 – 2002). During the 
second stage, the construction of METRO tunnel from 2002 till 2006 as an impermeable boundary 
significantly changed groundwater hydraulic field. In the third stage, the construction of METRO depot 
was completed within a 3-year period (2006-2009). Finally in the fourth stage, a prediction of aquifer 
response under the new conditions from 2009 until 2012 was considered. An additional scenario (Zero 
Scenario) was also developed to simulate aquifer behavior if no construction activity was considered for 
a 10-year period during which the construction of the proposed METRO facilities could be achieved. 

In-situ geological investigation including a series of sampling boreholes brought into light the existence 
of a contaminated soil layer under a waste material layer. Numerous sampling boreholes were 
necessary to accurately determine geological formations, the thickness and extent of waste material 
with a high level of accuracy despite the great incongruity and anisotropy of the areas’ geology (ATTIKO 
METRO S.A. 2005). In this study, Princeton Transport Code (PTC), a 3-D mathematic algorithm was used 
to determine the physical characteristics of groundwater flow and contaminant mass transport in the 
area of interest solving the respective partial differential equations (Eq.1-3) based on a hybrid algorithm 
solving a finite elements system in horizontal and a finite differences system in vertical direction 
respectively (Babu et al, 1997; Pinder, 2002).  
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where h is the hydraulic head, Kxx, Kyy, Kzz is the hydraulic conductivity in the direction x, y and z, S is the 
storage coefficient, Qi is the flow of water (pumping or supplying) at the position i,  () is the function 
delta of Dirac, r is the number of sources of pumping or supplying water, c is the concentration of a 
contaminant at a point (x, y, z) at time t,   is the porosity of the aquifer, E(c) is the absorption equation, 
Q is the pumping capability, cw is the concentration of pumping water at point (xi, yi, zi), Vx, Vy, Vz, are the 
components of velocity vector and Dxx, Dyy, Dzz, Dxy, Dyx, Dzy, Dyz, Dzx, Dxz  are the dispersion coefficients 
calculated by the following equations: 
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where DM is the molecular diffusion coefficient, aL is the longitudinal dispersion, aΤ is the horizontal 
component of the traverse dispersion, aV is the vertical component of the traverse dispersion. 

In Figure 3, a simplified geological NW-SE cross section is presented, showing the geological layer 
discreatization in the developed simulation model. The waste material was not present in the entire 
modeled area therefore it was chosen to be described not as a layer but as a lens of material with 
different hydraulic and soil characteristics at a specific area within layer 3. The depth of the various 
geological formations was imported into the model considering that PTC algorithm accepts only positive 
elevation values. For that reason, a zero elevation level was set (0.00m) and absolute elevation values 
for all layers were properly modified. The different geological formations present in the modeled area 
are characterized as (ATTIKO METRO S.A., 1997): 

 Geological basement: Impermeable Athenian schist, 

 Layer 1: Low permeability neogene deposits including marls and siltstones, 

 Layer 2: High permeability in the upper part of the neogene deposits and in the lower part  
quaternary deposits (consisted of sand gravel, clayey sand and gravel), 

 Layer 3: Low permeability quaternary deposits (consisted of sandy gravel and silt), 

 Layer 4: High permeability manmade deposits. 

 

Figure 2. Simplified geological cross section (no scale) 

In order to determine flow and mass transport boundary conditions, water level, contaminant 
concentration field measurements and pumping data were collected. No-flow boundary conditions (bc) 
were set in the southern, eastern and western boundaries of model domain whereas in the northern 
and southeastern part of the domain, a 1st type flow bc was set based on water level values observed in 
existing piezometers in the modeled area prior to any construction works. The existing pumping activity 
inside the modeled area was set as 2nd type flow bc. Also, the contaminant plume evolution was 
approximated considering buried solid wastes as a constant source of ammonium.  

Table 1. Hydraulic parameters for each layer of the model 

 Hydraulic Conductivity 
K (m day-1) 

Storage Coefficient 
S 

Porosity n Dispersivity 

layer 1 0.432 0.005 0.05 0.1 
layer 2 864 0.05 0.1 1 
layer 3 0.432 0.001 0.01 0.1 
layer 4 8.64 0.01 0.1 0.9 

The physical system was estimated to reach steady state conditions very fast so initial conditions were 
assumed constant over the entire domain. Model parameters were obtained from in-situ field 
measurements and water sample chemical analyses and they were deterministically set (Table 1). 
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Additionally the simulated aquifer was considered as confined and precipitation rate was set equal to 
400mm yr-1. 

2.1 Simulation stages  

a) 1st Stage  

The calibration of the developed groundwater simulation model was obtained based on conditions 
observed prior to any construction activity (ATTIKO METRO S.A., 1997).  

 

(a) 

 

(b) 

Figure 3. Field water level measurements vs. simulated water level values  

Calibration results (Figure 3a) showed a good correlation between field water level measurements and 
simulated water level values (R2= 0.8), mainly in the high interest central part of the modeled area (e.g. 
points 5, 6, 11, 13, 18, 26, 27, 28 and 29) while there were some deviations in the Northern and 
Southern sides of the model domain (e.g. points 9, 10, 15, 17, 25 and 30) due to the imposed boundary 
conditions (Figure 4). As Konikow and Bredehoeft (1992) pointed out in their analysis: “The model is 
considered calibrated when it reproduces historical data within some subjectively acceptable level of 
coherence based on one’s judgment”. Simulated and observed data curves follow a similar trend (Figure 
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3b). Unfortunately, the lack of piezometric data in the extended region surrounding the modeled area 
was crucial in order to accurately describe the aquifer behavior at the boundaries. The uncertainty 
associated with the imposed boundary conditions affects in some degree the differentiation between 
simulated and observed water level measurements at the boundaries. 

 

Figure 4. Piezometric map– Calibration results (after ATTIKO METRO, 1997) 

b) 2nd Stage 

During the 2nd stage, the construction of METRO tunnel from 2003 until 2006 was implemented. The 
tunnel was represented as impermeable segments placed in layers 2 and 3 along the Northern boundary 
(zero flow condition – Neumann bc). The rest of the model setup remained as in Stage 1 for a 3-year 
simulation period. 

c) 3rd Stage 

In the 3rd Stage, groundwater flow and ammonium mass transport were simulated after the 
construction of METRO depot and the removal of solid wastes (2006-2009). It should be noticed that 
buried wastes were only removed from the area where the depot was constructed therefore small but 
significant quantities of wastes remained buried elsewhere. The depot impermeable walls’ were 
imported into the model (layers 2 and 3) as zero permeability soil lenses.  

d) 4th Stage – Up to date model prediction  

Groundwater flow and ammonium mass transport conditions were simulated for an additional 3-year 
period in order to update aquifer’s behavior up to 2012.   

e) Zero Scenario – No construction  

Zero scenario was developed to simulate aquifer’s behavior in case that METRO facilities were not 
implemented in the region. In this scenario, the evolution of ammonium plume in the region for a 10-
year period due to produced waste leachate was estimated. A comparison of ammonium plume 
evolution with (4th stage) and without (Zero Scenario) METRO facilities proved that aquifer soil and 
groundwater conditions were significantly improved by METRO project implementation due to the 
removal of large volumes of wastes from the soil and the containment of subsurface water pollution 
that was achieved. 
 
3. Results analysis – estimation of contaminant plume evolution 
 
During the 1st Stage, groundwater flow had a general Northwest to Southeast direction. The main 
drainage axis ran in the central part of the model from N-NW to S-SE direction and the secondary along 
Profiti Daniel stream (Figure 5).  

Green color: good 
correlation 
Red color: moderate to bad 
correlation 

N 
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Figure 5. Groundwater flow (Layer 2) 

  

  

Figure 6. Concentration of ammonium in the 3-D model (Stage 1) – blue line indicates ammonium 
concentration >10mg l-1 

The mapping of ammonium plume was based on the maximum allowed value for disposal in natural 
reservoirs (10 mg l-1) according to Greek legislation. The simulation results of ammonium contaminant 
transport in layer 3 (where solid wastes were found) showed that contamination has moved few 
hundred meters from the main source of pollution following the main groundwater flow direction. The 
highest value of ammonium concentration in layer 4 was observed south of the main sources of 
contamination and ammonium plume had the same direction as in layer 3. In the deepest layers 1 and 2, 
smaller values of ammonium were simulated (~25 mg l-1 in layer 2 and almost zero in layer 1) indicating 
limited contaminant leachate from layer 3 downwards due to the existence of low permeability 
geological formations in these two layers. In layer 2, ammonium concentrations were calculated south 
of main contamination source, following the main groundwater flow direction (Figure 6). 

Watershed          ---- 
Drainage axis       

N 
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During the 2nd stage, METRO tunnel has been constructed along the Northern part of the modeled area 
and an impermeable boundary (zero flow bc) at layers 1, 2 and 3 was imposed. As result, a significant 
change in hydraulic field (piezometric lines) in the North part of the construction site has been observed. 
Especially in layer 2, where the main part of impermeable structure was imposed, significant 
groundwater flow reduction has been observed due to the existence of underground tunnel that works 
as a barrier (Figure 7). By slowing down groundwater flow, a limited development of ammonium plume 
in layer 3 was observed as well as in layer 4 where buried wastes were located (Figure 8). 

  

Figure 7. Piezometric field during the 1st and the 2nd simulation stages (Layer 2) 

During the 3rd simulation stage, the impermeable walls of METRO depot were inserted into the model. 
In order for the depot to be constructed, buried wastes should be prior removed so the sources of 
contamination within construction zone have been removed whereas outside the depot’s perimeter 
solid wastes still remain buried.  

  

  

Figure 8. Concentrations of ammonium at the 4-layer model (2nd stage) 

The ammonium plume development in this stage was slow with a limited spread of contamination. The 
maximum value of ammonium (300mg l-1) was calculated in layer 3 at locations south of depot walls 
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while dispersion was quite low. The low observed concentration values as well as the small plume 
extent were due to the construction of depot walls that were working as a barrier to groundwater flow 
south of the depot. It should be mentioned that small but significant quantities of wastes remained in 
the area but due to the underground tunnel construction; groundwater flow was significantly reduced 
resulting to limited ammonium plume spread. 

In the final 4th stage of simulation, the behavior of the physical system after the completion of METRO 
infrastructure project was simulated. During this 3-year period, groundwater flow was constant and 
ammonium contamination problem was mostly solved even though small quantities of wastes in layer 3 
have not been removed causing a limited contamination (Figure 9). 

  

  

Figure 9. Ammonium plume spread during the 4 stages of simulation model (Layer 3) 

4. Discussion 
 
Most of the times, the cost of preventive measures is 10 to 20 times lower than the necessary funds to 
clean up a polluted aquifer (Rasula and Rasula, 2001). Therefore the development of a monitoring 
system that will regularly record the quality of territorial and water resources in a large scale 
infrastructure project such as a highway, a sanitary landfill and an industrial zone is mandatory in order 
to meet the imposed environmental requirements. Rasula and Rasula (2001) proposed a 
hydrogeological approach for the establishment of an active groundwater quality monitoring system in 
linear zones of infrastructure facilities. Calo and Parise (2009) highlighted the need for a monitoring 
groundwater system in karstified areas that are particular vulnerable to groundwater pollution. The risk 
of pollution is extremely high in areas like the one in Mostar, Bosnia-Herzegovina, where for many prior- 
and post- war years hundreds of tons of solid and toxic wastes have been discharged in abandoned 
mining areas operating as uncontrolled dumpsites. As far as monitoring groundwater quality in an 
infrastructure facility, Pandey et al. (2011) went a step forward by proposing a groundwater 
sustainability infrastructure index (GSII) as a measure of groundwater sustainability. The GSII is 
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composed by five components related to groundwater monitoring, knowledge generation and 
dissemination, regulatory interventions, public participation and institutional responsibility. Even though 
the components of GSII are quite universal, their study have shown that in order to obtain comparable 
results between different cases a sensitivity analysis of GSII is mandatory  

The construction works that took place from 2002 till 2009 in the greater Eleonas region in Attikis 
Greece showed that the removal of solid wastes in combination with remedial actions such as soil 
replacement significantly improved the environmental conditions in this aquifer. In the case of no 
METRO project implementation (Zero scenario) the plume extent would have been much larger (Figure 
10). It should be noticed that after the end of the construction during the 4th stage of simulation, small 
quantities of wastes south of METRO depot remained buried into the aquifer justifying the existence of 
low concentration ammonium values there. In conclusion the containment of the ammonium plume 
was obtained after remedial actions taking to protect the territorial resources of the region during the 
infrastructure project. Otherwise, if the construction of METRO depot has being postponed ammonium 
plume would had been extended outside the property boundaries creating serious environmental 
problems in the greater region. 

  

Figure 10. The simulated ammonium plume extent with (4th Stage) and without (Zero scenario) the 
implementation of the METRO infrastructure facility (Layer 3) 

 
5. Evaluation of methodological approach - Suggestions 
 
The simulation results were in a good agreement with the results of the environmental investigation 
obtained by ATTIKO METRO S.A. even though the boundaries of ATTIKO METRO S.A. property where the 
environmental investigation took place do not coincide with the boundaries of the modeled area. 

By using PTC mathematical algorithm, the area of interest was well enough simulated as far as 
groundwater flow and ammonium mass transport fields. Nevertheless, in order to create a realistic 
model, certain assumptions were made. The changes in groundwater flow and contaminant mass 
transport processes were gradually obtained since the transition of the physical system from one 
implementation stage to another was not instantaneous; there was always a time period of construction 
works between the various construction phases that could not be easily represented during the 
simulation process. Additionally, there was limited quantitative and qualitative groundwater data for 
the period after wastes’ removal.  

Some suggestions coming out from this analysis as far the protection of the environment in the greater 
area of interest are:  

a) the design of an environmental monitoring program in order to analyze soil and water 
quality data in a regular basis and  
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b) the implementation of a groundwater quality monitoring system, especially in the region 
south of METRO depot that could decisively contribute in an accurate model verification and 
an environmental impact assessment of the construction activities.  

Finally, among the priorities of ATTIKO METRO S.A. is the construction of a water runoff network which 
will dramatically contribute to the improvement of water quality in the surrounding area (ATTIKO 
METRO S.A., 2009). 
 
6. Conclusions 
 
In conclusion, the findings of this analysis proved that the implementation of a large transport 
infrastructure project like the construction of METRO facilities (tunnel, station and depot) in Eleona 
Attikis Greece could act environmentally beneficial for the region. On the occasion of the construction of 
METRO depot, a large scale contamination problem of soil and water resources in the region was 
revealed. The existence of buried wastes poses serious risks to the quality of soil and subsurface water 
resources in the region resulting in significant impact on public health. The project implementation 
imposed removal of significant amounts of buried solid wastes reducing environmental burden in the 
aquifer. In the authors knowledge there is no documented case in the literature of such a large 
transportation infrastructure project which may have significant effects on the improvement of soil and 
water resources in an urban area.  
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