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Abstract: The protection of groundwater resources is worldwide considered a task of high importance and imperative necessity 
due to their rapid deterioration and the subsequent risk of public health. A task that in its most common practical 
implementation is equivalent to the protection of water-supply wells through methods and techniques that result in the 
determination of site-specific protection areas around the individual wells. In the interior of these areas activities that 
might deteriorate the fresh water physical status, and particularly its chemical properties, are controlled and very often 
prohibited. In this study the assessment of possible impacts of potential point sources of pollution on the groundwater 
quality in the watershed of N. Moudania is first briefly presented. Next, the practice implemented to delineate the 
wellhead protection zones is presented. This is a numerical modelling process that consists of: a) the simulation of 
groundwater flow in the aquifer of N. Moudania by applying the three-dimensional finite difference model 
MODFLOW and b) the delineation of protection zones for the domestic water-supply wells by applying the particle 
tracking post-processing package MODPATH. Regarding the flow model, a steady state model was developed and a 
calibration process was performed for the year 2001. The estimation of the hydraulic conductivity distribution was 
optimized using a trial-and-error technique. With regard to the particle-tracking process, two simulations were 
performed. The first simulation tracked from the water supply wells, while the second one tracked from point 
pollution sources. Finally, suggestions are given for the control and management of the identified potential point 
sources of pollution, especially if they are located within the protection zones of the examined water-supply wells. 
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1. INTRODUCTION  

In many places over the world the pollution of groundwater resources has reached alarming 
levels, as they constitute the ultimate receivers of various hazardous substances, residues and 
derivatives of numerous human activities. This fact, combined with its increasing utilization for 
various purposes, renders the preservation of groundwater resources an issue of high importance, 
which has to be approached with methodologies that aim at: a) the protection of water-supply 
sources which is translated to the protection of the area where groundwater is pumped and b) the in-
situ control of pollution sources. A practice often adopted by the responsible authorities includes 
both the determination of specific areas (zones) of protection surrounding the water-supply wells 
and the identification of potential pollution sources located within these areas, targeting at the 
efficient management of those sources. A wide variety of methods are currently used for the 
delineation of protection zones, starting from simple and inexpensive, such as using simple 
mathematical equations (Darcy’s law, uniform flow equations), and culminating in more complex 
and costly, such as applying various numerical simulation models (MODFLOW, MODPATH) 
(EPA, 1987). 

Numerical models constitute a powerful, reliable and internationally recognized tool that 
provides significant assistance to hydrogeological studies and management of water resources of a 
region (Wang & Anderson, 1982). They serve multiple purposes, such as providing a framework for 
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organising hydrologic data, quantifying the properties and behaviour of the systems and allowing 
quantitative prediction of the responses of those systems to externally applied stresses (Elango & 
Sivakumar, 2007). Moreover, simulation models can be implemented in order to protect 
groundwater quality and prevent its further pollution. 

In this study, a MODFLOW-based model was employed within the framework of the 
Groundwater Modelling System (GMS 8.1) to study the groundwater processes of the N. Moudania 
confined aquifer, while the MODPATH package was applied to predict flow paths using particle 
tracking methods. This process in conjunction with the detection of potential point sources of 
pollution located within the study area can lead to the control and management of those sources, 
protecting by this way the water-supply wells from being polluted. This management of pollution 
sources leading to the protection of groundwater resources is considered to be imperative in order to 
avoid future irreversible environmental impacts, such as deterioration of groundwater quality. 

The aquifer of N. Moudania was selected as the study area for several reasons: a) high levels of 
pollution, such as nitrate contamination due to the uncontrollable use of fertilizers and seawater 
intrusion due to over-pumping are observed throughout the region, b) groundwater resources are 
used exclusively for the water supply of the settlements in the region, c) a large number of tourists 
inundates the whole area every summer, d) reliable information about the location, geometry, and 
hydraulic properties of the aquifer system is available from previous studies and e) hydrological 
data, data of groundwater abstraction for domestic and agricultural purposes, as well as data of 
measured water levels at several monitoring wells is also available.     

As mentioned before, GMS was used in order to simulate groundwater flow and determine 
protection zones for water-supply wells. GMS is a package developed in a cooperative effort by the 
U.S. Department of Defense, the U.S. Environmental Protection Agency, and several university 
research and development partners (Shamrukh et al, 2001). It is a sophisticated and comprehensive 
groundwater modelling software which provides tools for every phase of a groundwater simulation, 
including site characterization, model development, calibration, post-processing, and visualization. 
GMS, as a graphical interface and data visualization package, supports many groundwater models 
including, but not limited to, MODFLOW, MODPATH, MT3D/RT3D, SEAM3D and SEAWAT 
(Ghosh & Sharma, 2006; Kouli et al, 2009). GMS integrates all these models by coupling them with a 
user graphical interface, visualization tools, and conceptualization methods. Consequently, GMS 
makes it easy for modellers to design the model, run the simulation codes, and visualize the simulation 
results (Shamrukh et al, 2001). 

The U.S. Geological Survey's MODFLOW (McDonald and Harbaugh, 1988) is a modular, three-
dimensional, finite-difference groundwater flow model which has become the worldwide standard 
groundwater flow model and it is widely applied in groundwater modeling in view of its ability to 
simulate flow in complex aquifer systems with various hydrological parameters, its extensive publicly 
available documentation, as well as its rigorous USGS peer review. Groundwater flow within the 
aquifer is simulated in MODFLOW using a block-centred finite-difference approach. Layers can be 
simulated as confined, unconfined, or a combination of both. Flows from external stresses, such as 
flow to wells, area recharge, evapotranspiration, flow to drains, and flow through riverbeds, can 
also be simulated (Ghosh & Sharma, 2006; Kouli et al, 2009). MODPATH is a particle tracking 
post-processing package that was developed to compute three-dimensional flow paths using output 
from steady-state or transient groundwater flow simulations by MODFLOW (Pollock, 1994). 
Particles can be tracked either forward or backward in time. The result of forward tracking shows 
the path lines that move forward in time, while with backward tracking it is possible to track the 
contaminants back to the source (El Yauti et al, 2008). 
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2. DESCRIPTION OF THE STUDY AREA 

2.1 General information 

 
The hydrological basin of N. Moudania extends in the South-Western part of Halkidiki peninsula 

(south-east of the city of Thessaloniki). It is part of a larger region known as “Kalamaria Plain” 
which constitutes the prime agricultural area of Halkidiki that is cultivated and irrigated intensively 
through the year (Figure 1). The catchment covers approximately 127 km2, with a mean soil 
elevation of 211m (above the sea level) and a mean soil slope of 1.8%. It is bordered to the east by 
Olynthos River basin, to the north by Anthemountas River basin, to the west by the rest of 
“Kalamaria plain” and finally to the south by Thermaikos Gulf (this means that it is a coastal basin 
which is in hydraulic communication with the sea) (Latinopoulos et al, 2003, Xefteris et al, 2004). 

In order to achieve more detailed calculations of its hydrological parameters, the basin was 
divided into two sub-regions, the hilly area in the North (46.3%) and the flat area in the South 
(53.7%). The climate of the study area is semi-arid to humid, typically Mediterranean and the 
average annual precipitation is around 417 mm for the flat area and 504 mm for the hilly one. The 
annual recharge of groundwater, estimated from the local water balance, is about 14.9% (62.3 mm) 
for the flat area and 18.3% (92.3 mm) for the hilly one of the annual precipitation. Almost 80% of 
the region is used as agricultural land, whereas the remaining 20% is woodland. The hydrographic 
network is dense, especially in the hilly area, draining directly to the sea, while the most exploited 
part of the local groundwater resources is confined (Latinopoulos et al, 2003, Xefteris et al, 2004).  
 

                                                                   

Figure 1. Location of the study area and distribution of water supply wells and point sources of pollution.  
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Regarding the hydrogeological properties of the local aquifers, two types of rock are found in the 
region: the loose and the rocky formations. Due to the great extension, the considerable thickness 
and the high water storage capacity of the loose formations, all boreholes drilled in the region are 
located within them. The aquifers in these formations are divided into two main categories 
(Latinopoulos et al, 2003):  

a)  phreatic aquifers, developed along the alluvial deposits of the sub-basins of Dionisiou-Portaria 
and Flogita-Zografou which have undergone intensive exploitation by a large number of 
shallow boreholes (<20m), constructed in the aforementioned areas and especially in their 
downstream sections 

b) confined aquifers that occupy most of the study area and are developed in a form of 
successive permeable layers, separated by impermeable layers of red clays. A large number of 
deep boreholes (>20m) are observed within these aquifers, which pump from the different 
permeable formations. It should be noted that currently this is the main exploitable aquifer in 
the study area (i.e. all municipal wells are pumping from this aquifer). For this reason, the 
following analysis focuses exclusively on the confined aquifer, which is considered to be 
semi-confined due to the fact that the soil layers in the study area are relatively permeable. 

 
As shown in Figure 1, there are seven settlements in the study area, all of which rely exclusively 

on groundwater resources. A number of water-supply wells have been constructed for every 
settlement depending on its population. More specifically, 37 domestic supply wells operate 
(usually at close distances from the settlements), distributed as follows: St. Panteleimon (3), 
Zografou (2), Dionisiou (5), Portaria (5), Flogita (7), Simantra (6) and N. Moudania (9). This 
specific distribution corresponds to the year 2001, on which a steady-state MODFLOW simulation 
was based. 

A paramount problem concerning the groundwater resources in the study area is their 
quantitative degradation due to the combination of the increased water demand for irrigation and 
domestic supply and the relatively low rate of replacement. Besides this, the qualitative degradation 
of the local aquifers is considered to be an issue of high importance, as it causes substantial 
reduction in the usable quantities of water and threatens the health of the local population as well. 
The main causes contributing to the deterioration of the quality of groundwater in the study area are 
(Xefteris, 2000): 
 Nitrate contamination: Several recent investigations show an extensive nitrate contamination 

in the whole area mainly due to intense agricultural activities. There is no control in the 
application of fertilizers which are used in order to increase crop production. 

 Seawater intrusion: This is a characteristic problem of the study area along its coastline, 
which is intensified with time due to over-pumping of groundwater in the coastal zone for 
domestic and agricultural uses.  

 Olive press organic waste: The non-systematic management of this waste, which receives the 
form of uncontrollable and unplanned disposal, constitutes one of the most significant 
problems of the study area. To date, no integrated and, at the same time, environmentally 
acceptable method has been implemented for this kind of waste. The practice that is currently 
applied includes the uncontrollable disposal of olive press waste, a fact that leads to 
groundwater pollution and degradation of the surroundings.  

 
Moreover, several other point sources of pollution should be counted as additional factors of 

groundwater quality deterioration, since they may present high risks to water-supply wells, 
especially if they are located in areas adjacent to them. 

2.2 Point source pollution 

An important step for completing successfully the process of water supply-wells protection in an 
area is the identification and detection of potential sources of pollution which may affect the quality 
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of groundwater extracted from these water-supply wells. These sources if found, should be checked 
and managed accordingly. 

In the present study the detected pollution sources are exclusively point sources of pollution 
derived from industrial, urban and livestock activities. Agricultural activities are not included in this 
set, as they constitute diffuse sources of pollution, extended in a large area and depending on the 
spatial distribution of crops. The identification process was accomplished with the aid of a manual 
device (GPS), which incorporates the map of the wider study area, showing the river basin, the 
various settlements, the limits of municipal departments, the existing parcels, the drainage and road 
network and finally the existing wells (irrigation and water-supply wells). 

Figure 1 illustrates the location of potential sources of pollution detected in the study area (red 
points) and the operating water-supply wells (blue points). Table 1 presents all these sources, which 
are listed and codified in order to make it easy to identify them in subsequent parts of this text. 
Moreover, the large number of cesspools that exist in 5 settlements (Flogita, Zografou, Portaria, Ag. 
Panteleimon and Simantra) have to be included in the above sources of pollution. These cesspools 
constitute a significant source of groundwater pollution, although they were not recorded due to 
their large number. 
 

Table 1. Potential point sources of pollution in the study area 

a/a Pollution Source a/a Pollution Source a/a Pollution Source a/a Pollution Source 

S1 
Concrete batching 
plant 

S11 Fish cannery S21 Landfill site S31 Machine shop 

S2 
Wastewater treatment 
plant 

S12 
Wastewater treatment 
plant 

S22 Cemetery S32 Oil olive mill 

S3 Landfill site S13 Oil olive mill S23 Cemetery S33 Cheese dairy 

S4 Oil olive mill S14 Auto repair shop S24 Dairy farm S34 Machine shop 

S5 Foundry S15 Oil olive mill S25 Cemetery S35 Oil olive mill 

S6 Oil olive mill S16 Cemetery S26 Landfill site S36 Landfill site 

S7 Auto repair shop S17 Cemetery S27 Dairy farm S37 Disposal site 

S8 Forniture workshop S18 Cemetery S28 Dairy farm S38 
Oil olive mill 
wastewater 

S9 Landfill site S19 Disposal site S29 Dairy farm     

S10 Marble quarry S20 Cemetery S30 Oil olive mill     

 
By examining Figure 1 it can be concluded that the great majority of the point pollution sources 

detected in the region are located in the flat area (81.5%) and particularly in the south part of it 
(77.5%), below the settlements of Portaria and Ag. Panteleimon. This can be attributed totally to the 
higher economic development of this specific area contrary to the hilly one. 

Moreover, what can be concluded analyzing Table 1 is that the aforementioned problem of 
uncontrollable disposal of oil mill organic waste is confirmed, since a significant number of oil 
olive mills are observed throughout the flat area of the basin. Additionally, Table 1 shows that the 
existence of both landfill sites operating without complying with environmental standards and 
cemeteries located in every village in the study area, may pose significant threat. Finally, some 
other activities detected in the region are several dairy farms located especially in the hilly area, as 
well as various product processing plants (concrete batching plant, foundry, furniture workshop, 
marble quarry, fish cannery etc.). 
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3. GROUNDWATER FLOW MODELLING 

3.1 Conceptual model of the study area 

The purpose of building a conceptual model is to simplify the field problem and organize the 
associated field data so that the system can be analyzed more readily. The conceptualization 
includes synthesis and framing up of data pertaining to geology, hydrogeology, hydrology, and 
meteorology (Ahmed and Umar, 2009). Thus, the conceptual model includes the potentiometric 
surface, hydraulic properties, and recharge and discharge components. Developing the conceptual 
model is the most important part of the modelling process. It simplifies the field situation and 
organizes associated field data for easy analysis of the system. It is critical that the conceptual 
model be a valid representation of the vital hydrogeological conditions and involves definition of 
the hydro stratigraphic units, water balances and flow system. This involves identifying sources of 
recharge, discharge and variation of aquifer properties and variation of hydraulic heads (Kushwaha 
et al, 2009). 

3.1.1 Aquifer geometry and spatial discritization 

The scanned map of the study area was imported in the MAP module of GMS with proper 
geographical registration. The boundaries of this map were digitised as polygons in the MAP 
module. Then, the finite difference grid, which was regularly spaced, was formed. The created cells 
are used to implement the method of finite difference, which calculates the piezometric head and 
the flow in each time step. The resulting grid contained 80 columns, 120 rows and 1 layer (two-
dimensional model), and each cell had a 150-m side. It consisted of 9,600 cells, of which 6,555 
were active and 3,045 were inactive. The one layer in the Z-axis represents the semi-confined 
aquifer, which constitutes the main exploitable aquifer of the study area. Regarding the geometry of 
the aquifer, the upper limit was set at the depth at which the clay coating reaches below the ground 
level (an average value of 50m was obtained based on well logs), while the lower limit resulted 
from the upper by subtracting the theoretical thickness of the aquifer (an average value of 130m was 
obtained based on well logs and pump tests). This value of aquifer thickness corresponds to various 
successive permeable layers. 

3.1.2 Boundary conditions 

The boundary conditions were specified based on previous piezometric information, as well as 
the geological data and wells in the study area. According to the geology of the region, there is no 
hydraulic connection between the hydrological basin of N. Moudania and its eastern and western 
regions. Thus, there is no flow from these areas and therefore no-flow conditions were assigned to 
those boundaries. The South and North boundaries were simulated as constant head boundary 
(CHB) and general head boundary (GHB), respectively. The values assigned to these boundaries 
were based on previous piezometric information (isopiezometric map of reference year 2001 
resulted by applying the Ordinary Kriging technique in groundwater levels measured at a number of 
monitoring wells in the aquifer). It should be mentioned that the North boundary does not coincide 
with the physical boundary of the aquifer, but it was set at the isopiozometric contour line of 150m 
(Figure 2). This was based on the fact that above this contour there is no available and reliable data 
concerning the various parameters of the local aquifers. Moreover, regarding this type of boundary 
(GHB), conductance has to be defined. This parameter was subjected to calibration and a value of 
1.1 m2/d was assigned to it. 
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3.1.3 Hydraulic conductivity 

The hydraulic conductivity values assigned to the model ranged between 0.1244 and 0.2393 m/d 
and were obtained from previous studies in the area (Latinopoulos et al, 2003). These values were 
resulted from six pumping tests and were assigned to six distinct zones using the Thiessen Polygon 
method, which involves the construction of polygon around the stations (Figure 3). This method is 
preferred over contouring where data points are sparse (Ahmed and Umar, 2009). Due to the high 
uncertainty of hydraulic conductivity, it was subjected to calibration using the values resulted from 
pumping tests as initial values for the steady state simulation. 

3.1.4 Recharge 

Rainfall, irrigation return water and wastewater return water are considered to be the exclusive 
factors that contribute to the recharge of the aquifer. Concerning the first one, after subtracting the 
losses from evaporation and direct runoff, the aquifer recharge from rainfall i.e. the amount of water 
infiltrating into the ground calculated by the Thornthwaite method (Latinopoulos et al, 2003) was 
introduced into the model getting separate values depending on which sub-region it is related to 
(0.253 mm/d for the hilly area and 0.171 mm/d for the flat area). With regard to the other two, it 
was assumed that 15% of irrigation water and 60% of produced wastewater (which equal to 80% of 
domestic water-supply) return into the aquifer. So, the total recharge value, calculated by summing 
up the different values of rainfall, irrigation and wastewater return water, ranged between 0.227 and 
0.317 mm/d, each time depending on both the sub-region and the municipal district it refers to. 
Moreover, there is an area inside the region without crops and far from the settlements 
(consequently with no irrigation and wastewater production) to which a value of 0.253 mm/d was 
assigned. The Recharge Package of the model was used for simulating all the above.  
 

                
             Figure 2. Model boundary conditions                                    Figure 3. The six distinct zones of the study area 

 



10 I. Siarkos & P. Latinopoulos  

3.1.5 Groundwater abstraction 

The groundwater of the study area is abstracted for domestic, irrigation and livestock purposes. 
Since the accurate calculation of water demand (the quantity of water abstracted from the aquifer) 
presents difficulties due to the lack of water meters, the collection of specific data related to the 
three above activities is considered essential. Concerning the domestic consumption, the calculation 
of water demand was based on the demographic data encountered in the last census (2001), while 
taking into account the population that occurred during the summer period for each municipality 
district. In that way, the annual consumption of water was estimated for each district, which was 
divided among individual wells constituting their pumping rates (Table 2). The estimation of water 
demand for irrigation was based on the extent of irrigated lands, the type of crops and the irrigation 
season of each crop, while the one for livestock purposes was based on the type of animals, the 
population of animals and the amount of water that each animal needs (Latinopoulos et al, 2003). In 
the same way as before, the annual consumption of water was estimated for each district and was 
distributed to individual wells constituting their pumping rates (Table 3). These pumping rates, of 
both domestic and irrigation wells were imported to the model by using the Well Package. 

 
Table 2. Estimation of domestic well pumping rates for the various municipality districts 

Municipality 
district 

Number of 
operating  

wells 

Total annual  
consumption 
(x103 m3/year) 

Equivalent pumping rate 
per well  
(m3/d) 

Ag. Panteleimon 3 wells 20 18 

Zografou 2 wells 20 27 

Dionisiou 5 wells 180 99 

Portaria 5 wells 75 41 

Flogita 7 wells 200 78 

Simantra 6 wells 65 30 

N. Moudania 9 wells 370 113 

 
Table 3. Estimation of irrigation well pumping rates for the various municipality districts 

Municipality 
district 

Number of 
operating  

wells 

Total annual  
consumption 
(x103 m3/year) 

Equivalent pumping rate 
per well  
(m3/d) 

Ag. Panteleimon 33 wells 870 72 

Zografou 12 wells 765 175 

Dionisiou 122 wells 1,664 37 

Portaria 140 wells 5,709 112 

Flogita 30 wells 1,314 120 

Simantra 94 wells 3,409 99 

N. Moudania 51 wells 2,348 126 

3.2 Model calibration 

The purpose of model calibration is to establish that the model can reproduce field measured 
heads and flows. The model’s calibration is carried out by trial and error adjustment of parameters 
or by using an automated parameter estimation code. As far as steady state conditions are 
concerned, these are usually taken to be historic conditions that existed in the aquifer before 
significant development has occurred (i.e. inflows are equal to outflows and there is no change in 
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aquifer storage; Ahmed and Umar, 2009).  
In this model, a quasi-steady state calibration was performed by using a trial-and-error process of 

adjusting initial estimates of aquifer properties, such as hydraulic conductivity and conductance 
(within acceptable ranges) to obtain the best match between simulated and measured water levels. 
The calibration was made using 18 observation wells monitored during November 2001. As 
mentioned before, hydraulic conductivities estimated from pumping tests were used as initial values 
for the steady state simulation. These values and more specifically the one corresponding to the 
North zone (Figure 3) was also used as initial value for calibrating the parameter of conductance. 
By trial and error calibration the conductivity values were increased during many sequential runs 
until a satisfactory match between the observed and simulated hydraulic heads was obtained. Also, 
minor adjustments were made in the conductance that was used in the initial runs. The calibration 
process showed that the maximum value of calibrated conductivity occurred in the coastal zones, 
whereas the minimum value was displayed in the central zones of the study area. 

 The computed water level accuracy was tested by comparing the calculated mean error (ME), 
mean absolute (MAE) and root mean square error (RMSE). The ME was 0.189m indicating that, on 
average, the simulated groundwater levels were slightly higher than the corresponding observed 
groundwater levels. The MAE was 1.107, while the RMSE was 1.306. Moreover, the R2 value was 
found to be 0.9994, indicating thus an excellent model calibration. For values of the testing 
parameters lying within these ranges groundwater model performance can be considered very 
satisfactory (Figure 4). However, the largest residuals at certain wells of the study area may be due 
to anisotropy and heterogeneity of the aquifer, that is to properties which were not represented 
properly when dividing the study area into six distinct zones. Moreover, in this study differences in 
density due to sweater intrusion were not taken into consideration. These differences may affect the 
groundwater flow, particularly in the coastal part of the aquifer. 

 

Figure 4. Scattergram of observed versus simulated groundwater levels in the study area 

3.3 Model results – Flow budget 

After the calibration process the final isopiezometric contours, depicted in Figure 5, were 
produced by the model, making obvious the gradual decline of groundwater level in the area where 
the majority of water-supply wells are located (central part of the flat area, Figure 1). What is 
interesting is the direction of groundwater flow illustrated in Figure 6, where it becomes more 
apparent the movement of groundwater towards the aforementioned area from all directions even 
from the sea, causing sea water intrusion.  
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Finally, Table 4 shows the flow budget of the aquifer system for the steady state simulation. 
Budget terms are expressed in m3/d and are positive when entering and negative when leaving the 
groundwater system. The total water budget over the entire aquifer shows a perfect balance between 
inflows and outflows, which is consistent with the steady state modeling conditions. The two last 
columns give the different water balance terms as percentages of the total inputs or outputs. 

Groundwater inflow to the system occurs mostly from recharge (56.33%), which is due to 
precipitation and irrigation return water, while the main source of groundwater outflow is by far 
water abstraction for domestic and irrigation purposes. 
 

Table 4. Flow budget of the aquifer system for the steady state stimulation 

 2001 Inputs (m3/d) Outputs (m3/d) Inputs (%) Outputs (%) 

Constant Heads 12,282.98 -70.47 26.43% 0.15% 

General Heads 8,010.52 -4.22 17.24% 0.01% 

Wells 0.00 -46,400.19 0.00% 99.84% 

Recharge 26,181.37 0.00 56.33% 0.00% 

Total Source/Sink 46,474.87 -46,474.88 100.00% 100.00% 

 

                         

            Figure 5. Simulated groundwater levels                                       Figure 6. Main flow direction vectors  

4. WELLHEAD PROTECTION ZONES 

4.1 Theoretical framework 

A well head protection area is defined as the area that needs to be protected (by imposing 
restrictions on the activities that can be developed), so that no pollutants of high concentrations can 
reach the pumping well using a number of criteria, among which the more often used is the one 
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based on the time needed for the pollutant to reach the well (Theodossiou et al, 2006). The extent of 
this area varies, depending both on the characteristics of the aquifer under study and the method 
applied for its determination, while its maximum value equals the size of the zone of contribution. 
There are plenty of methods developed for the delineation of protection zones including arbitrary 
and calculated fixed radius, simplified variable shapes, hydrogeologic mapping, analytical methods 
and numerical methods (EPA, 1987). The complexity of these methods is determined by several 
parameters that are directly related to the characteristics of the groundwater sources and the 
corresponding aquifer (Chave et al, 2006). Furthermore, the selection of the appropriate method is 
not a trivial task and is directly connected with the criteria selection process (Siarkos et al, 2011). In 
this paper the "time of travel" (ToT) was used as the basic criterion for the “particle tracking 
technique”, calculated with MODPATH. MODPATH operates as a post-processor to the 
MODFLOW model, and uses the MODFLOW cell-by-cell mass-balance files to calculate flow 
velocities through the aquifer. MODPATH then tracks particles through the calculated flow fields 
(Rayne et al, 2001). 

“Time of Travel” is based on the maximum time for a groundwater contaminant to reach a well, 
using a less sophisticated evaluation of the physical processes of contaminant transport, if compared 
to other relevant criteria. From these physical processes, advection is the most comprehensive one. 
Hence, ToT calculations for the delineation of wellhead protection zones are usually carried out on 
this basis (EPA, 1987; Voudouris and Stamatis, 2000). A wellhead protection area, delineated 
through the ToT criterion is the area surrounding a well that contributes groundwater flow to the 
well within a specified period of time (Mogheir and Tarazi, 2010). The size of this area is 
determined by the distance obtained by multiplying the specified value of ToT with the 
groundwater velocity. 

The first and basic requirement to implement any of the available methods is to specify the limits 
for the selected criterion. These limits correspond to specific categories of protection zones (I, II, III 
and IV) and reflect the desirable level of protection, based on different categories of pollutants (i.e. 
pathogenic microorganisms, toxic pollutants, or conventional pollutants) (Siarkos et al, 2011). The 
values that were selected for Moudania’s aquifer are the following (WHO, 2006): 
 Zone I: 50 days (direct protection zone). 
 Zone II: 2 years (provide a considerable level of protection, since the pathogenic 

microorganisms are characterized from life time less than 2 years). 
 Zone III: 10 years (similar with zone II with the addition of the toxic pollutants). 
 Zone IV: 15 years (the time period between 10 and 15 years is considered sufficient for the 

attenuation and the degradation of several pollutants, so the danger of well pollution is 
minimized). 

 
In the present study, in which micro-organisms and toxic pollutants were mainly examined, the 

delineation of Zone III was only considered. Inside these protection zones the operation of any 
industrial, urban and livestock activities has to be suspended (Siarkos & Latinopoulos, 2012). 

4.2 Delineation of protection zones 

The particle-tracking simulation was applied for 2001 steady state conditions and it tracked from 
the whole group of 37 water-supply wells. In this reverse particle-tracking analysis, 20 particles 
were located in the centre of each well to best visualise the particles’ path lines (Rayne et al, 2001, 
El Yaouti et al, 2008). As mentioned before, only Zone III was delineated, which corresponds to a 
travel time of 10 years or 3,650 days. As it is known, effective porosity (ne) is used in the particle-
tracking model for velocity calculations. A uniform effective porosity value of 0.15 was used in the 
numerical model. This value corresponds to the geological composition of the aquifer, which 
consists of alternated beds of sandstones, marls, sands, gravels and red to brick red clays (Xefteris 
et al, 2004).  

Figure 7 illustrates the location of all drinking supply wells together with their corresponding 
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wellhead protection zones calculated for the specified value of time (blue areas), as well as the 
locations of the point pollution sources (red points) and the areal extent of the settlements (closed 
red lines), within which operate numerous cesspools. As shown in Figure 7, some pollution sources 
are detected inside the wellhead protection zones and theses are mostly related to cesspools, located 
mainly in the settlements of Flogita and Simantra. In addition three point pollution sources, namely 
S3, S13, S29 and listed in Table 1, are also located within protected zones. These are a landfill site 
(S3), an oil olive mill (S13) and a dairy farm (S29). 

Furthermore, it should be noted that the size of protection zones depends directly on the value of 
hydraulic conductivity, which determines the velocity field. In zones where conductivity takes 
maximum value (i.e. coastal zones), the protection zones are larger. On the contrary, in the district 
of Portaria, where conductivity receives the minimum value, protection zones are hardly visible for 
the specified value of ToT (10 years). In addition, the effect of advection becomes more profound in 
the first areas, where protection zones take an oblong shape. 

Effective porosity is the only parameter used by MODPATH which is independent of the 
calibrated flow model. In order to examine the influence of this specific parameter to the size of 
protection zones and due to its uncertainty, a sensitivity analysis was carried out. In this analysis, 
effective porosity was assumed to vary  15% from its initial value. The fluctuation in the size of 
the three largest protection zones (Figure 8) was estimated in order to observe the effect of effective 
porosity. The results are presented in Table 5, as well as the percentage variation of protection areas 
of the selected wells (the values inside the brackets). The second column presents the area of 
protection zones corresponding to the initial value of effective porosity, while the last two the area 
of protection resulting after its variation. 
 

         
                Figure 7.  Wellhead protection areas and                                Figure 8. Protection zones of the three 
                               point pollution sources                                                                 selected wells 

 
The protection zone which is most affected is the one of well W2, both when effective porosity 

decreases and increases. In the other wells, the size of protection zones varies at the same rate. 
Moreover, the difference in protection zones of wells W2 and W3 should be attributed to the 
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different hydraulic gradient, since the rest of the decisive factors affecting their size, such as 
hydraulic conductivity and effective porosity, receive the same value. 

 
Table 5. Variation of the area of protection zones in the three selected wells 

Well ID 
number 

Area of  
protection zone 

III  
(m2) 

Area of  
protection zone 

III  
(m2) 

Area of  
protection zone 

III  
(m2) 

W1 47,207 41,761 (-11.54%) 54,493 (+15.43%) 

W2 47,127 40,029 (-15.06%) 57,675 (+22.38%) 

W3 46,113 40,765 (-11.58%) 53,248 (+15.47%) 

 
Finally, a second particle-tracking simulation was performed, but this time it tracked from the 

whole group of point pollution sources. In this particle-tracking analysis, one particle was located in 
the centre of each pollution model cell and the movement of the particle was tracked forward along 
a flow path. This approach allows interpretation of flow direction and travel times (El Yaouti et al, 
2008).  

Figure 9 illustrates the results of the aforementioned simulation over time, without ToT getting a 
specific value. It is worth mentioning that particles follow precisely the velocity field, as it is 
depicted in Figure 6. Moreover, it can be concluded that the wells which will be affected mostly 
over time by point pollution sources are those belonging to the Flogita, Dionisiou, N. Moudania and 
Simantra districts. Travel times of particles range from some days to 270 years for reaching the 
water-supply wells, the most part of which will be affected in more than 30 years. 

 

Figure 9.  Simulated flow paths of particles placed in pollution model cells and water-supply wells 
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5. CONCLUSIONS 

In this study, the N. Moudania aquifer was first investigated using the MODFLOW package to 
simulate two-dimensional groundwater flow under steady state conditions. The results of the model 
calibration show reasonable agreement between observed and calculated water levels for the 
observation wells rendering this groundwater flow model quite reliable, so as to be used as the basis 
for further development of a transient flow model and a contaminant transport model. 

Moreover, the effect of certain point sources of pollution in the quality of groundwater, derived 
from a specific number of domestic-supply wells, was examined. To this task, potential pollution 
sources were first identified and recorded. Next the protection zones of the water-supply wells in 
the study area were delineated. The comparison of the results of these two actions leads to the 
conclusion that the main bulk of the water-supply wells is not directly threatened by the pollution 
sources. Only 8 wells are affected, four of which are located in Simantra and serve for 67% of the 
demand for potable water.  

Cesspools are considered to be the main source of pollution, while other individual sources are a 
landfill site, an olive oil mill and a dairy farm. These sources must be controlled and properly 
managed in order to avert the risk on public health. To this end we propose the following measures. 
a) For the cesspools, two different scenarios can be applied: either the abolition of their operation 
and the installation of a drainage system or the suspension of the operation of the affected wells and 
the construction of new ones outside the settlements. The second is considered more proper, since 
these wells are also affected by other pollution sources, while their existence in a residential area is 
absolutely intolerable. b) For the landfill site, the immediate suspension of its operation and the 
subsequent rehabilitation of the disposal site are suggested. c) For the olive oil mill, where pollution 
is due to various substances used for the machines (the organic waste is disposed of to other 
locations), the temporary storage in sealed containers and the final delivery in specific companies 
are recommended. d) For the dairy farm, since the affected well is located within the settlement, the 
termination of its operation is considered to be the best solution. 

Finally, MODPATH results (second particle-tracking simulation) show that pollutants from point 
pollution sources will not affect the bulk of water-supply wells, since travel times for reaching them 
exceed the value of 15 years, which is considered a sufficient enough time period for the attenuation 
and the degradation of several pollutants. 
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