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Abstract The present study examines nitrate contamination and groundwater quality in the Megara basin of 
Attica Prefecture (Greece). Hydrochemical data were assessed using descriptive and multivariate statistical 
analysis to: (1) classify the data into hydrochemically similar groups, and (2) to investigate geochemical and 
human-related factors responsible for the observed groundwater quality. Geographic Information Systems 
(GIS) were used to incorporate both thematic (land-use) data and groundwater chemistry to study the extent 
and variation of nitrate contamination and to establish spatial relationships with specific land-use types. The 
results indicate that more than 70% of the groundwater samples located around the national highway had 
nitrate concentrations that exceeded acceptable levels according to international legislation and guidelines 
(Directive 98/83/EC, EPA, WHO). The combined spatial analysis and statistical hydrochemical evaluation 
show that nitrate contamination in groundwater is closely associated with specific land-use classes and 
activities (e.g. agriculture, pasture, industries, urban effluents). 
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INTRODUCTION 

Nitrate (NO3) occurs naturally as part of the nitrogen cycle but increasing concentrations in 
groundwater resources have resulted primarily from agricultural activities (Lord & Anthony, 2002; 
Rankinen et al., 2007). Other significant and widely spread anthropogenic non-point (diffuse) 
sources of groundwater contamination with nitrogen are the disposal of sewage by centralized and 
individual systems, leaking sewers, animal feeding operations and elevated atmospheric N 
deposition (Fraters et al., 1998; Salo & Turtola, 2006). In the Shandong province of the North 
China Plain, the nitrate concentration due to anthropogenic contamination has increased by 
81.68% on average between 2002 and 2007, resulting in severe water quality degradation (Chen et 
al., 2010). The investigation of nitrate contamination in the water systems of the cities of Metro 
Manila, Bangkok and Jakarta showed that human waste via severe sewer leakage is the major 
source of nitrate leaching and groundwater nitrate enrichment (Umezawa et al., 2008). 
 Given that consumption of water with high concentrations of nitrate can pose risks to human 
health, e.g. infant methemoglobinemia, human gastric cancer (Cuello, 1976; Fraser, 1979), 
organizations such as the World Health Organization (WHO) and governmental agencies, such as 
the US Environmental Protection Agency (EPA), have established quality standards for water 
resources and developed regulations and action guidelines for the use of water in the consumption 
sector (EU, 1998; WHO, 2004, EPA, 2009). In particular, WHO and European Union (EU) 
standards for drinking water quality are 50 mg/L NO3, whereas EPA set a maximum 10 mg/L NO3 
as an acceptable concentration level of nitrate for potable water.  
 Multivariate Statistics and Geographic Information System (GIS) technology have been useful 
in determining nitrate contamination spatial variability as well as assessing the effects of land-use 
in water quality in terms of nitrate contamination (Babiker, et al., 2004; Liu et al., 2005). The 
objective of the present contribution is to determine the spatial distribution of nitrates together 
with other hydrochemical parameters in groundwaters of the Megara basin (Greece) via Cluster 
Analysis (CA) and to analyse its relationship with land use via GIS analysis, and hence to urge 
policy makers to develop strategies to protect groundwater resources. 
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Fig. 1 Geological map with the aquifers’ boundaries, the location of the groundwater sampling sites and 
Piper diagrams depicting aquifer hydrochemical characteristics. [1. Alluvium sediments; 2. Debris 
cones and cemented sediments of silts, sands and pebbles; 3. Neogene conglomerates; 4. Neogene 
marls, calcareous marls, siltstones and clay shales; 5. Neogene reddish clays and silts; 6. Cretaceous 
sequence of limestones, serpeninites and peridotites; 7. Triassic limestones and dolomites; 8. Triassic 
phyllites and sandstones; 9. Palaeozoic clay shales; 10. Aquifer boundaries; 11. City boundaries; 12. 
Groundwater sampling site]. 

 
Description of the study area 

The Megara basin is a tectonic depression lying in the western part of Attica Prefecture. It contains 
sediments of Neogene and Quaternary age (Fig. 1). The basin is located between two parallel 
mountain ridges, Mt Pateras in the northeast and Mt Geraneia in the northwest. The 250 km2 basin 
is oriented NW–SE and extends from the Corinth Gulf in the northwest to the Saronic Gulf in the 
southwest. The largest part of the basin is characterized by terrain ranging from low relief with 
gentle slopes to steeper mountainous regions. The geological setting of the study area is described 
by Paraschoudis (2002). The location and distribution of the geological features in the basin are 
illustrated in Fig. 1, and the hydrogeological setting of the area is presented in Table 1. 
 The groundwater occurs in three basic aquifers: the aquifer of Dioskouroi–Nea Peramos 
hosted in the Triassic–Cretaceous limestones and Quaternary deposits; the Northern Basin aquifer 
composed of Triassic limestones and dolomites; and the Central Basin aquifer comprised of 
 
Table 1 Hydrogeological classification of the geological formations (based on Struckmeier & Margat, 1997). 
Impermeable formations Formations of low/medium permeability Formations of high permeability 
Palaeozoic lithologies Neogene conglomerates and  calcareous 

marls 
Triassic limestones and dolomites  

Neogene clays, silts, marls 
and clay shales 

Quaternary alluvium deposits, debris 
cones and cemented sediments of sands 
and pebbles 

Cretaceous limestones 

 Cretaceous serpeninites and peridotites  
 Triassic phyllites and sandstones   
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Neogene and Quaternary sediments (Paraschoudis, 2002). The dominant land cover in the region 
(38.3%), according to the Corine land cover classification (EEA, 2002), includes forest and semi-
natural areas, mainly shrub and/or herbaceous vegetation associations (e.g. grassland, moors, 
sclerophyllous vegetation). Heterogenous agricultural areas with complex cultivation and land 
principally occupied by agriculture, with significant areas of natural vegetation cover 34.6% of the 
basin, whereas agricultural areas with permanent crops (olive trees, vineyards and pistachio trees) 
occupy 14.2% of the region.  
 
METHODOLOGY 

Analytical data 

The present study examines the hydrochemical characteristics of 50 groundwater sampling sites 
located in the Megara basin. The sampling campaign was carried out in September 2003, when 
groundwater samples were collected from 9 wells and 41 boreholes (Table 2). In situ physical-
chemical measurements (water temperature (Tw), pH, EC, TDS, HCO3) and laboratory major ion 
analyses (Ca, Mg, Na, K, NO3, Cl, SO4, NH4) were measured (HACH, 2000). For the major cation 
element analyses, the samples were filtered through 0.45 μm filters and collected in acid–rinsed 
100 ml polyethylene bottles. For the major anion element analyses the samples were collected in 
separate 500 ml polyethylene bottles without acidification. Samples were stored in a portable 
fridge then transported to the laboratory for analyses. Water temperature, pH and specific electrical 
conductivity (EC) were measured in situ by WTW330i instruments with ±0.1% for pH and ±0.5% 
for EC reading limits. Alkalinity was determined by acid titration using methyl orange (HACH, 
1997). Major ion analysis was performed photometrically (HACH Co. USA, DR2010) in the 
Laboratory of Technical Geology and Hydrogeology (Department of Mining and Metallurgical 
Engineering–National Technical University of Athens, Greece). Standard QA/QC protocol was 
followed throughout, including replicate analysis (1 in every 5 samples), checking of method 
blanks (1 in every 10 analysis) and standards (1 in every 10 analysis), and spike recovery (1 in 
every 20 analysis) (Saha & Ali, 2007). Sodium adsorption ratio (SAR), defined as the relative 
concentration of sodium to calcium and magnesium (US Salinity Laboratory Staff, 1954), was 
calculated in order to determine the sodium hazard for irrigation waters due to the salinity content.  
 
Multivariate statistical analysis 

Cluster analysis (CA) is a multivariate statistical technique commonly used for classifying 
meaningful subgroups of individuals or objects (Bošnjaket al., 2012). In the present study, this 
technique was used to classify hydrochemical data into a small number of mutually exclusive 
groups based on similarities among the entities (Hair Jr. et al., 2009). Differences between groups 
(clusters) with similar characteristics are quantified mathematically by means of the objective 
principle of the distance, such as Euclidean, Manhattan, Chebyshev, Camberra and Pearson 
(Sharma, 1996). The levels of similarity at which observations are merged are demonstrated by a 
graphic named “dendrogram” where samples are plotted in clusters on the y axis and linkage 
distances plotted on the x axis. The standardized hydrochemical values (Tw, pH, EC, SAR, TDS, 
HCO3, Ca, Mg, Na, K, NO3, Cl, SO4, NH4) were used for the implementation of CA, with the 
Ward Linkage method (Ward, 1963) applied as the similarity measure between every pair of 
objects adopting the Squared Euclidean distance. To get a better review of the CA results, cluster 
centroids were calculated; that is the mean values of the objects contained in the cluster on the 
selected variables.  
 
Geographic Information Systems (GIS) 

To investigate the relationship between groundwater contamination by nitrate and land use, a 
nitrate concentration thematic layer was constructed from point data using kriging interpolation in 
a GIS environment. The kriging method performs a weighted averaging on point values where the 
output estimates equal the sum of the product of point values and weight divided by the sum of 
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weights (Babiker et al., 2004). The output raster map of the kriging interpolation containing the 
nitrate concentrations estimates has been classified into the same number of classes as defined by 
CA. Nitrate concentration levels (classes) have been translated into contamination indexes and 
have been spatially related to the different land uses. A spatial analysis package was used to obtain 
the proportion of land-use unit area that spatially overlapped with each concentration level of 
nitrate in groundwater. The results were visually displayed in a nitrate impact assessment map 
showing the spatial association between land use and nitrate contamination. 
 
RESULTS AND DISCUSSION 

Water quality 

Descriptive statistics for the measured parameters in groundwaters are summarized in Table 2.  
 
Table 2 Statistical parameters of the variables determined in the groundwater samples. 
Parameter Unit Mean Min. Max. STDV Median Directive 

98/83/EC;WHO 
Samples 
exceeding 
threshold 

Water temp. °C 20.0 17.0 24.8 1.5 19.7   
pH pH units 7.48 6.75 8.11 0.32 7.43   
EC μS/cm 2138 561 14330 2363 1419   
TDS mg/L 1406 406.7 8264 1350 1044   
Ca mg/L 91.6 18.8 562.3 99.7 74.1   
Mg mg/L 99.9 44.7 728.0 100.7 77.0   
Na mg/L 200.3 23.0 1400 272.6 107.5   
K mg/L 4.8 1.0 30.0 7.1 2.0   
HCO3 mg/L 389.0 192.8 610.0 102.5 377.0   
Cl mg/L 442.8 42.0 4450 734.3 171.5   
SO4 mg/L 81.0 7.0 540.0 101.1 44.0   
NO3 mg/L 103.7 2.9 685.0 139.6 56.2 50 § 
NH4 mg/L 0.19 0.00 1.03 0.33 0.05   
SAR – 3.18 0.63 25.29 3.93 2.08   
SAR, Sodium Adsorption Ratio (= [Na]/{([Ca]+[Mg])/2}1/2) 
§MEG21, MEG22, MEG23, MEG24, MEG25, MEG26, MEG27, MEG28, MEG31, MEG32, MEG33, 
MEG34, MEG35, MEG36, MEG37, MEG38, MEG39, MEG40, MEG41, MEG42, MEG43, MEG44, 
MEG45, MEG46, MEG47, MEG48, MEG49, MEG50 
 
 All parameters show spatial variation, as indicated by the high standard deviation values, 
which are attributed to the different lithological characteristics of the aquifers’ geological materials 
(e.g. limestones and dolomites) as well as to the different sources of contamination among the 
groundwater samples. The chemical parameters of the samples have been plotted in Piper 
diagrams (Piper, 1944) (Fig. 1), showing that groundwaters of the Northern Basin aquifer exhibit a 
Mg–HCO3 water type which means that they are magnesium and bicarbonate dominated. The 
samples from the Central Basin aquifer are mainly characterized by the Mg–HCO3 water type in 
the Toutouli and Kolata area, the Mg–Na–HCO3–Cl water type in Distrata area, and the Mg–Na–
Ca–HCO3–Cl water type in Moni Panachrantou area, situated around the Megara city. Elevated 
magnesium content of groundwater samples in the northeastern part of the basin originates mainly 
from dolomite dissolution. The successive enrichment of groundwater samples in Na and Cl ions 
towards the coastal areas is attributed to groundwater mixing with seawater. Hence, the Na–Cl 
facies dominate in the coastal aquifer of Dioskouri–Nea Peramos due to seawater intrusion as a 
result of the extensive groundwater pumping. This is also evident in the high SAR values 
indicating waters of increased salinity, which favour soil dispersion and hardening, and decreases 
infiltration rates. Nitrate levels exceeded the threshold of 50 mg/L around the cities of Megara and 
Nea Peramos, due to anthropogenic activities. 
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Cluster analysis 

Cluster analysis was applied to 14 physical-chemical parameters, that include water temperature, 
pH, EC, TDS, SAR, HCO3, Ca, Mg, Na, K, NO3, Cl, SO4, NH4 for each of the 50 groundwater 
sampling sites. These specific variables were selected as they describe well the hydrochemistry of 
the groundwaters in the region and provide a clear-cut differentiation between the segments. Three 
main clusters (C1–C3) were identified (Fig. 2). 
 

 
Fig. 2 Dendrogram of the cluster analysis using the Ward method. 

 
 The first cluster (C1) included 23 wells and boreholes (MEG1–MEG23), whose nitrate 
concentrations ranged from 2.9 to 50.4 mg/L. Groundwater in C1 has the highest pH values 
compared to the other two clusters, but the lowest of the other 13 measured parameters. The mean 
values of the parameters in C1 are indicative of good groundwater quality and have been less 
affected by nitrate leaching and seawater intrusion. In the second cluster (C2), the groundwater 
samples are mainly gathered around the city of Megara and nitrate values ranged from 54.6 to  
320 mg/L, levels that exceed the EU and WHO acceptable level of 50 mg/L NO3. The third cluster 
(C3) which included three wells and one borehole (MEG31, MEG32, MEG39, MEG43) had 
extremely high nitrate concentrations (340–685 mg/L) and NH4 levels (0.29–1.02 mg/L). Three of 
the four nitrate enriched sampling sites (MEG31, MEG32, MEG39) are located around the city of 
Nea Peramos, home to around 7000 citizens (EL.STAT, 2001), and are attributed to contamination 
originating from septic systems used for urban waste disposal. Moreover, the area is strongly 
affected by seawater intrusion as indicated by the enrichment in Cl and Na ions. Although the SAR 
index is high, the area is cultivated with pistachio trees which are well adapted to grow in areas 
with brackish water.  
 
GIS analysis 

The output raster map of the kriging interpolation between nitrate values was classified into the 
three classes (<50 mg/L; 50–320 mg/L; >320 mg/L), derived from CA, representing three nitrate 
contamination index ranges, respectively (<1; 1–1.5; 1.5–3.0). The results of spatial overlay of 
contamination index and land-use classes (1–8) derived from the GIS analysis are presented in 
Table 3. The relationship between nitrate contamination and land use is visually displayed in  
Fig. 3. 
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Fig. 3 Impact assessment map depicting the spatial association between land use and nitrate 
contamination defined by level of nitrate concentration and contamination index. [For land-use classes 
description see Table 1]. 

 
 
 
Table 3 Proportion of land-use area spatially overlapping with nitrate concentration classes or contamination 
index values. 
Land-use class Description Proportion of land-use area (%) 
  Contamination 

index < 1 
Contamination 
index 1–1.5 

Contamination 
index 1.5–3.0 

  0–50 mg/L Unacceptable 
(50–320 mg/L)  

Extremely 
unacceptable 
(>320 mg/L)  

1 Shrub and/or herbaceous 
vegetation associations 

1.5 5.5 23.6 

2 Agricultural areas with 
complex cultivations and land 
principally occupied by 
agriculture, with significant 
areas of natural vegetation 

64.5 39.3 22.8 

3 Agricultural areas with 
permanent crops (olive trees, 
vineyards and pistachio trees) 

31.6 17.8 32.7 

4 Industrial or commercial units 0.3 5.9 3.1 
5 Urban fabric 0.0 7.8 3.9 
6 Mine, dump and construction 

sites 
0.0 0.0 13.9 

7 Pastures 2.2 0.0 0.0 
8 Non-irrigated arable land 0.0 23.8 0.0 
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 The map indicates that groundwater samples within land-use class 3, related to agricultural 
areas, show the highest nitrate concentrations (>320 mg/L), hence the maximum contamination 
index (1.5–3.0). Approximately 24% of the study area with nitrate levels >320 mg/L is situated in 
areas of land-use class 1 with no registered agricultural activity (EEA, 2002). Hence, the 
groundwater enrichment in nitrates could be attributed to local anthropogenic activities (e.g. waste 
disposal). Land-use class 2 represents around 23% of the nitrate contaminated area with extremely 
unacceptable nitrate concentrations (contamination index 1.5–3). This nitrate leaching is linked 
with agricultural activities. 
 Approximately 57% of the study area has unacceptable nitrate concentrations (contamination 
index 1–1.5) associated with land-use classes 2 and 3, suggesting that agriculture is the main 
contributor to nitrate pollution in groundwater. High nitrate levels in land-use classes 1, 4 and 5 
may be attributed to contamination from nearby agricultural fields or introduced by urban sources 
such as unmanaged waste disposal. Around 24% of the nitrate loading of 50–320 mg/L was related 
to land-use class 8, which may also be attributed to unmanaged waste disposal. The land-use 
classes 2, 3 and 7 have been found mainly responsible (>95%) for groundwater contamination due 
to nitrate leaching resulting in nitrate concentrations ranging between 0–50 mg/L.  
 
CONCLUSIONS 

Groundwater in the Megara basin is mainly enriched in Mg in the northern and central part, while 
Na and Cl levels increase towards the coast. Over 50% of the groundwater samples had nitrate 
concentrations that exceed thresholds (Directive 98/83/EC, WHO) mainly concentrating around 
the cities of Megara and Nea Peramos. CA has been used to investigate the spatial distribution of 
nitrate contamination in relation to other physical-chemical variables that reflect geochemical 
processes and anthropogenic activities in the groundwaters. The first cluster (C1) included the 
hydrochemical characteristics of the groundwater samples from the Northern Basin aquifer and the 
northern part of the Central Basin aquifer where nitrate levels are below 50 mg/L. The second 
cluster (C2) has revealed hydrochemical similarities and elevated nitrate concentrations (50–320 
mg/L) among the groundwater samples from the southern part of the Central Basin aquifer and the 
largest part of the Dioskouri–Nea Peramos aquifer. In the third cluster (C3) the resemblances in 
groundwater quality indicate an extremely high nitrate content (>320 mg/L) in the southeastern 
part of the Dioskouri–Nea Peramos aquifer. 
 The spatial data analysis with GIS has revealed the close relationship between nitrate 
contamination of groundwater and land-use classes 2 and 3, both related to agricultural activities. 
Wells and boreholes under these classes have exhibited the highest nitrate concentration, followed 
by those under the land-use classes 4, 5 and 7. Land-use classes 1 and 8 are associated with 
unacceptable nitrate concentration of the underlying groundwater, which has been attributed to 
uncontrolled waste disposal and pasture grazing. 
 Nitrate leaching from different land uses can be considered a point and non-point source 
pollution problem, depending on the related anthropogenic activities. The present work has 
contributed to the assessment of the impact and magnitude of nitrate leaching from these activities 
through multivariate statistical analysis and GIS analysis, in order to design and implement 
appropriate regulatory policies that support groundwater protection against nitrate leaching. 
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