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Abstract: This work represents a contribution to the protection techniques of karst aquifers against
groundwater pollution. The paper sets out the methodology being introduced for the protection
of the karstic system that gives rise to five (5) major groups of springs and supplies fourteen (14)
pumping wells near Agyia Chania (Crete, Greece). Starting from a geological and hydrogeological
survey of the area, the work presents a vulnerability assessment of the karstic aquifer based on the
application of three index-based methods (EPIK, PRESK and DRISTPI). The protection zones for the
discharge area of the aquifer were delineated through an integrated geomorphological approach
and groundwater flow modeling. At first, the risk of polluting substances migration from ground
surface to groundwater was considered based on the spatial distribution of vulnerability. Following
this, the vulnerability was evaluated in the saturated zone, where the attenuation mechanisms of
contaminants were reducing due to the raised flow velocity. The groundwater flow and contaminant
transport processes was considered using the MODFLOW code. Next, the data from the vulnerability
mapping and the groundwater flow simulation were merged into an integrated assessment to delimit
the protection zones for the water abstraction points. The vulnerability assessment outlines zones
of high vulnerability in the SE part of the area, far away from the discharge zone of the aquifer and
the water abstraction points. These zones are associated with an intensive infiltration process via
carbonate formations. Protection Zone I was delineated 20 m around the water abstraction points,
and it should be excluded from any anthropogenic activity. Protection Zone II coves part of the very
high and high vulnerability zones defined by the DRISTPI method (located upwards of the water
abstraction points), as well as an area downwards of springs and wells, where the flow path lines
which demonstrate the subsurface travelling time of 50 days are projected to the ground surface.
Protection Zone III extends outside Zone I and Zone II, up to the limits of the hydrogeological or
hydrological basin, whichever is larger. It includes the entire capture zone (i.e., the surface and
underground catchment area) that feeds the water abstraction points. In this manner the protection
zones include the entire contributing area to water abstraction points, not just the ground surface
recharge zone.

Keywords: karst aquifer; vulnerability; index-based methods; EPIK; PRESK; DRISTPI; groundwater
flow modeling; 50-days isochronous curves; protection zones

1. Introduction

In order to prevent groundwater pollution phenomena and to preserve water resources
for human consumption, protection zones around the water abstraction points are estab-
lished. By placing some form of regulatory control on activities taking place in these zones,
the anthropogenic impact on the quality of the abstracted water can be minimized [1,2].

Protection zones can be delineated around the abstraction points using various ap-
proaches and criteria that range from relatively simple methods based on fixed distances,
through more complex methods based on the travel time of water through the saturated
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zone, to sophisticated modelling approaches using log reduction models and contaminant
kinetics [2]. Geographic information systems (GIS) have been used widely for the prepa-
ration of groundwater vulnerability maps and the delineation of protection zones [34].
Masud and El Osta [5] proposed the combined use of the DRASTIC index-based method
and the GIS techniques as an effective method for groundwater pollution risk assessment,
and for mapping the areas that are prone to the deterioration of groundwater quality and
quantity. Furthermore, El Osta et al. [6] evaluated the hydrogeological and hydro chemi-
cal aspects of groundwater evolution and vulnerability by the integration of Geographic
Information Systems (GIS), hydro chemical modeling, and the DRASTIC model.

Commonly, three protection zones are delineated around the abstraction points [1,7]
in order to achieve the following levels of protection:

e  Zone Iis immediately adjacent to the site of the well or spring to prevent the rapid
ingress of contaminants.

e  Zone Il refers to the protection against microbial contamination. The delineation of
this zone is based on the time expected to be needed for dilution, effective attenu-
ation of slowly degrading substances, or the reduction in pathogen presence to an
acceptable level.

e  Zone Il refers to the remote protection area against persistent chemical contaminants.
It sometimes covers the entire catchment area of a particular water abstraction point.

In the European Union, the Water Framework Directive (WFD) 2000/60/EC [8-10]
proposes the establishment of safety zones around water abstraction points for human
consumption, aiming to avoid further quality degradation and to reduce the level of
treatment required for the production of drinking water. However, most of the European
countries have not yet incorporated the Water Framework Directive in their national
legislation with specific instructions. As a result, various empirical practices are followed
in the member states of the European Union that differ depending on the type of aquifer
and the specific conditions of the region [11].

The protection of the groundwater resources in karst aquifers constitutes an extremely
important issue. The transport of the pollutants towards the aquifer is extremely rapid,
and their attenuation downgrades as a consequence of the hydrogeological properties [12].
The absence of a sufficiently thick soil cover, the existence of the epikarstic zone and the
preferential movement of groundwater through cracks and karstic features which allow
the development of high flow velocities result in the easy movement of contaminants to
the aquifer and then to water abstraction points [13].

Several methods for the vulnerability mapping and the delineation of protection zones
in karst aquifers have been proposed [14-17], but the issue still remains a challenge due to
heterogeneity and anisotropy of their hydraulic conductivities which makes the prediction
of groundwater flow a difficult task [13,18].

The European approach to vulnerability and risk mapping for the protection of carbon-
ate (karst) aquifers proposed by COST Action 620 [19] is based on the “hazard-pathway-
target model”, which applies for both resource and groundwater source protection. As
mentioned by Daly et al. [20] the “pathway” includes everything between the ground
surface (the point of contaminants release) and the “target” refers to the water which has to
be protected [19,20]. It should be pointed out that all factors influencing vulnerability have
to be evaluated.

The objective of the current work is to propose a methodological approach for delin-
eation protection zones of the water abstraction points in the discharge zone of a karst
aquifer. The work is based on a geomorphological-structural criterion (index-based method)
that takes into account the potential infiltration of water from surface to groundwater, and
the numerical modelling that simulates the groundwater flow and contaminant transport
processes within the saturated zone.

Mapping the groundwater vulnerability was based on the hydrogeological, geological
and geomorphological evaluation of the area. Three index-based methods were used for
the vulnerability assessment considering the site characteristics and the available data. The
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applicability and the results of the methods were evaluated in relation to site characteristics
in order to reduce the uncertainty and to provide reasonable results.

The groundwater flow and contaminant transport processes within the saturated zone
was analyzed through the groundwater flow model constructed in MODFLOW-2000 under
steady state conditions [21]. The time needed for reduction in the presence of pathogens,
and the effective attenuation of slowly degrading substances to an acceptable level were
considered for the delineation of protective zones around the water abstraction points.

2. Study Area

The study area is located in the northern part of Chania Prefecture (Crete, Greece),
between latitudes 35°18'48” and 35°32'35” N and longitudes 23°50'14” and 24°08'42" E
(Figure 1). It extends from the foothills of the Lefka Ori Mountains in the South, to the
lowland zone on the North side of the island (Figure 1), and includes the Agyia’s springs
catchment area of 149 km?.
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Figure 1. Springs catchment area.

The karstic aquifer hosted in the study area is recharged mainly through the carbonate
rocks located on the South and Southeastern side of the region, as well as through the
infiltration of precipitation in the entire area.

Five major groups of springs (Kalamionas, Kolymba, Vrysidia, Platanos, Varypetro)
near the Agyia’s settlement (Figure 1) comprise the main discharge outlets for the karst
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aquifer [21,22]. They constitute a front of springs with a total water flow that ranges from
1.7 to 3.4 m3/s, with an average value of 2.5 m3/s.

Beyond the exploitation of the aforementioned springs, a series of pumping wells
has been constructed in the exploitation fields of Agyia and Myloniana (upstream of the
discharge zone of the aquifer), (Figure 1) in order to cover the water demands in the wider
region. North of Agyia’s springs, there is also a homonymous (man-made) lake with
rich biodiversity.

2.1. Physiography and Geological Settings

The relief of the area is the result of strong tectonic movements and karstification. The
terrain rises gradually from the sea level in the north to almost +2100 m a.s.l. in the south
(Lefka Ori Mountains, Figure 1). The ground surface inclination ranges from zero in the
lowlands, to 70% in the semi-mountainous region. Moreover, the Southern parts of the area
show minimal vegetation that is mainly bushy, while in the North, at low altitudes, there is
intense vegetation and cultivated regions.

The lithological and structural mapping of the region [23-26] has shown that the
southern part of the area is covered by formations of the Plattenkalk series. It includes
crystalline limestones and dolomites, interbedded with watertight horizons of chert and
schists (Figure 2); they dip about 50-60° to the NW (55° /320 NW).
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Figure 2. Geological map of the study area. The rectangle shows the area of the detailed flow model.

The Trypali carbonate unit significantly spreads in the South and central part of the
area (Figure 2). It consists of limestones, dolomites and crystalline limestones locally
associated with coarse cobblestone or cellular dolomites.
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The carbonate formations of the Trypali unit are tectonically overlain by the Phyllite-
Quartzite series that outcrops along the S-SW margins of the study area (Figure 2).

The uppermost Quaternary sediments, dominated by alluvial, marine terrace deposits,
talus cones and scree, overlie the older geologic formations mainly throughout the Northern
part of the study area (Figure 2).

The tectonic regime of the region is characterized by normal faults of E-W strike, which
locally deviate to ENE-WSW and ESE-WNW (Figure 2).

2.2. Hydrologic Hydrogeological Setting

The climate of the area is Mediterranean, with mild and rainy winters and warm, dry
summers [27]. The wintry period lasts from October to March, and the summer period
lasts from April to September. The annual mean temperature is 18.7 °C. The lowest mean
temperature is 11.5 °C in January, and the highest is 26.6 °C in July. Rainfall occurs mainly
during winter.

Mourkakou [28] studied monthly rainfall data collected from seven stations located
in the area for the period 2006-2018. The average annual precipitation at each station was
calculated and plotted against the altitude of that station (Figure 3).

A regression line fitted to these data indicates that the relationship between the rainfall
and the altitude is given by the Equation (1):

P =2.065 h +478.38, 1)

where, P is the precipitation in mm, and h the altitude in m.
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Figure 3. Relationship between the rainfall and the latitudes of the rain gauge stations.

Based on the aforementioned relationship, the average annual precipitation in Agyia’s
catchment area is estimated at 260 x 10°® m3. Thirty seven percent (37%) of this quantity,
which is equal to 96 x 10° m?, infiltrates, and twenty percent (20%), namely 53 x 10° m?, runs
off. The mean annual evaporation ranges between 43-58% of total annual precipitation [28].

Plattenkalk formations are characterized by low permeability values (10~ to 10~° m/s),
and where the geological conditions allow, they consist of the hydrogeological base layer of
the overlying Trypali carbonate rocks [21,22,29].

The highly fractured nature of the Trypali unit, in addition to the dissolution and the
erosion process, have created a great variety of karst features, from simple rillenkarren up to
dolines and karst cavities. The surface water tends to concentrate into the aforementioned
features and then infiltrates, recharging the groundwater [22,29].
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The hydraulic properties of this formation were estimated by pumping tests in the
Myloniana well-field [22]. The transmissivity of the carbonate unit ranges between 0.1 to
1 m? /s, which is equivalent to a permeability between 1072 and 10~2 m/s.

Pertinent studies show that 55% of the precipitation infiltrates, recharging the ground-
water, while surface run off is very limited (about 5%), and surface drainage occurs only
after strong rainfalls [30].

Furthermore, the analysis of hydrographs of springs and wells within the karstic
aquifer hosted in the Trypali unit presents a corresponding seasonal variation of the
groundwater level [29] that suggests a homogeneous karst.

Based on the aforementioned annotations, it is assumed that the Trypali unit forms
a separate hydrogeological entity (Figures 2 and 4) that discharges through the Agyia’s
springs while the Plattenkalk unit forms the accompanying base layer.
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Figure 4. Schematic geological sections. Their locations are defined in Figure 2. (A) NW-SE geological
cross section through Omalos Plateau, (B) SW-NE geological cross section from Omalos to Meskla
settlement, (C) SW-NE geological cross section across Theriso Gorge, (D) Cross section through
Myloniana well-field and Agyia’s group springs.

Phyllite-Quartzite formation is characterized as almost impermeable (k < 1078 m/s) due
to its mineralogical composition and structure and selective circulation (1078 to 1077 m/s),
with low to very low water permeability, when interferences of quartzite or crystalline lime-
stones exhibit higher growth [21]. The infiltration coefficient of this formation is estimated to
be approximately 5%, and the runoff coefficient reaches an amount of 35% [30,31].

The uppermost Quaternary sediments are of medium-low permeability (1077 to
107> m/s) and they host phreatic aquifers of not significant yield compared to the karst
aquifer hosted in the Trypali unit. The infiltration coefficient in the alluvial sediments is esti-
mated to be about 20%, while the runoff coefficient is estimated to be about 20-30% [30,31].
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The tectonic structure determines the area that contributes water to the karst aquifer
(Figures 2 and 4). Specifically, the Phyllite-Quartzite unit in the west constitutes a regional
aquiclude (no flow boundary); to the North, the stratigraphic (locally tectonic) limit between
the Quaternary formations and the Phyllite-Quartzite unit determines an impermeable
boundary that holds the aquifer and prevents the flow of the karst water towards the sea;
in South the groundwater exchanges with the rest of the hydrogeological system of the
Lefka Ori Mountains, while in the Eastern part of the area, data resulting from geological
surveys and well drillings indicate that the Plattenkalk series (aquiclude) has a structural
top at an altitude of +625 m a.s.l. (Figure 4C). It acts as a local watershed (Figure 2) and
divides the groundwater supplying the Agyia’s springs in the West, from the groundwater
supplying the Chania basin in the East. Based on this conceptual model, Agyia’s springs
are fed by the groundwater flowing in the Eastern part of the catchment area.

The system is recharged mainly through the carbonate rocks exposed in the south-
eastern and southern part of the area (Lefka Ori Mountains), as well as through precipitation
infiltrating from the ground surface to the groundwater table, across the entire area. The
watertight horizons of chert and schists in the Plattenkalk series restrict the percolation of
water and strongly influence its movement and concentration in the aquifer hosted in the
Trypali unit.

The results of the systematic piezometric surveys [30,32] confirm a regional groundwa-
ter flow direction from SE-S towards NW-N (Figure 2), with hydraulic gradients ranging
from 3 to 8%o. In the North margin of the study area (Figures 2 and 5), a fault zone running
SW-NE approximately parallel to the coast, sinks the Phyllite-Quartzite nappe lower than
the sea level and prevents the flow of the karst water to the sea. The direction of the fault
identifies with the axis of occurrence of Agias’s group of springs (Figure 2), which comprise
the main discharge of the aquifer. They are contact-overflow springs with a mean outflow
rate of 60 x 10° m3 annually; they outflow at an altitude from +33.5 m a.s.l. (Kalamionas)
to +40.6 m a.s.l. (Varypetro), [29].
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The analyses of groundwater indicate good water quality that is safe for human
consumption, with a temperature almost constant at 13 °C [33].

In addition to springs exploitation, fourteen (14) pumping wells have been constructed
in the highland area (upstream of the aquifer’s discharge zone) (Figures 2 and 4D), provid-
ing water for domestic and agricultural use in the wider area. The total amount of water
exploitation is estimated at about 85 x 10° m3.

3. Vulnerability of the Karst Aquifer

The vulnerability of karstic systems depends mainly on the residence time of water
in different sections of the aquifer (endokarst, epikarst and protective soil cover) [14].
Specifically, in endokarst or saturated karst, a well-developed network of conduits (where
the flow velocity is high) implies high vulnerability. Also, the more directly the epikarst
is connected to the karstic conduits network, the greater the vulnerability. Regarding
the protective soil cover, the residence time of water and vulnerability depends on the
permeability and thickness of the cover. For the vulnerability assessment of these aquifers,
index-based methods are used, among others. They take into account the protective effect
of the unsaturated zone, but they attach less importance to the groundwater transit times.

In the current work, the EPIK, PRESK and DRISTPI methods were applied. Initially,
similar to Ivan and Madl-5z6nyi [34], the relationships between the methods were revealed
in order to understand their innovations, advantages and drawbacks, as well as the data
need. The results from the different methods were compared and the groundwater vulner-
ability was assessed, with emphasis on water infiltration from the ground surface to the
saturated zone. The characteristics of the applied methods area is as follows:

3.1. The EPIK Method

The EPIK method was developed by Dérfliger and Zwahlen [35] for the study of
karstic aquifers in Switzerland. Its name comes from the initials of the four parameters
that are considered: the degree of development of the epikarst (E), the characteristics of the
protective ground cover (P), the conditions of infiltration (I), and the development of the
karst network (K).

Each of the aforementioned variables is graded with a value from 1 to 3 or 4, depending
on the degree of protection it provides from pollution.

The protection factor (Fp) is calculated from Equation (2):

Fp=3E+1P+31+2K @)

The Fp value can range from 9 to 34. High Fp values indicate increased physical protection
and therefore a low vulnerability value of the aquifer [35-37].

3.2. The PRESK Method

This method was developed by Koutsi and Stournaras [38], and it is an adaptation
of the RISKE method in the Mediterranean region. It evaluates the aquifer protection (P),
the rock type (R), the epikarstic zone (E), the soil cover (S), and the development of the
karst network (K). Each factor is scored from 0 to 3, with values corresponding to very
low, low, moderate and high vulnerability. The final value of the vulnerability factor (Ig) is
calculated from Equation (3):

Ig =0.263-P + 0.097-R + 0.160-E + 0.419-S + 0.062-K 3)

Regarding the parameter P (variable of the aquifer protection), it is defined as the sum
of the ground surface inclination (I) and vegetation cover (V) indices, multiplied by weight
factors according to Equation (4):

P=081+02V (4)
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The ground surface inclination (I) is directly related to the amount of water that
infiltrates. With reference to the indicator of vegetation cover (V), it depends on the
presence and density of the flora and affects the value of evapotranspiration.

High vulnerability factor values (Ig) indicate the reduced natural protection of the
aquifer and correspond to a high vulnerability value.

3.3. The DRISTPI Method

The DRISTPI method was developed by Jiménez Madrid et al. [39,40] for karst aquifers
in Spain and it is based on the older DRASTIC method [41,42]. It is worth mentioning that
although the DRASTIC method was created for the evaluation of intrinsic vulnerability in
all types of aquifers, it does not take into account the specific characteristics of the karst
systems. Moreover, the major drawback of the DRASTIC model is the combination of the
vulnerability of the unsaturated zone with the susceptibility of the groundwater once the
pollutant has reached the water table [43].

In contrast to the DRASTIC method, the DRISTPI model is applicable to both karstic
and non-karstic aquifers. The acronym DRISTPI is derived from the initials of the parame-
ters evaluated in the method, namely: the depth of the potentiometric surface from ground
surface (D), the recharge (R) of the aquifer, the unsaturated zone (I), the type of soil for-
mation (S), the topography/ground surface inclination (T), and the privileged infiltration
(PI). As is obvious, the parameters of the DRASTIC method referring to aquifer lithology
and hydraulic conductivity have been removed. The introduced parameter PI concerns
those areas where rapid infiltration of water into the aquifer occurs (e.g., dolines), making
it more vulnerable to pollution.

Depending on the protection that each parameter provides to the system, the corre-
sponding factor is evaluated from 1 (very high protection) to 10 (very low protection).

The vulnerability index (Id) is derived from the sum of the products of the aforemen-
tioned six parameters, multiplied with the appropriate weight factors. The final value of Id
ranges from 17 to more than 162. It is noted that the parameters S, T, I and PI are estimated
according to the principles of the DRASTIC method, while the parameter D (aquifer’s
depth) differs depending on whether the rocks are karstified (scenario 1) or not (scenario 2).
For scenario 1 (high karstified rocks), the vulnerability index (Id) is defined by Equation (5)

I[d=2D+4R+51+2S+T+5PI, 5)
and for scenario 2 (not karstified rocks, or detritic material) Equation (6) is used
Id=5D+4R+51+25+T+5PI (6)

High Id values (over 110 for scenario 1 and over 127 for scenario 2) indicate the
reduced physical protection of the aquifer, and result in high vulnerability values.

3.4. Vulnerability Assessment in Study Area

The vulnerability assessment in the study area was based on the field survey, guided
by the soil map (Figure 6), constructed using the geographical maps of the land area,
published by the Greek Forest Service [44,45].

Based on the geomorphology, the soil depth, the erosion, the ground surface slope, the
vegetation and the degree of anthropogenic impact in the study area, each parameter of the
EPIK, PRESK and DRISTPI methods was evaluated separately. By applying Equations (2)—(6),
the protection and vulnerability factors across the study area were calculated.

Following, the area was divided into five (5) vulnerability zones (Tables 1 and 2),
according to the requirement of the Greek environmental authorities [46]. The vulnerability
indices evaluated by the EPIK, PRESK and DRISTPI methods are given in Tables 1 and 2,
and the distribution of vulnerability in study area is depicted in the maps presented in
Figure 7.
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Figure 6. Soil map of the study area. It was constructed based on data gathered from the geographical

maps of the land [45], and the field survey.

Table 1. Zones and classes of groundwater vulnerability defined by the EPIK and PRESK method.

Zones of Groundwater

Vulnerability EPIK PRESK
Code Vulnerability Fp Precentage (%) of Ig Precentage (%) of
Class Index the Study Area Index the Study Area
T5 Very high <13 4 >2.4 4
T4 High 13-17 18 1.9-2.4 18
T3 Moderate 18-22 45 1.3-1.8 55
T2 Low 23-27 24 0.7-1.2 16
T1 Very low >27 9 <0.7 7

Table 2. Zones and classes of groundwater vulnerability defined by DRISTPI method.

Zones of Groundwater Vulnerability

DRISTPI

Code Vulnerability Class InI;ex Precentage (%) of the Study Area
T5 Very high 140-190 9
T4 High 110-139 44
T3 Moderate 80-109 23
T2 Low 50-79 2
T1 Very low 19-49 22
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Figure 7. Vulnerability map generated through the EPIK (a), PRESK (b) and DRISTPI (c) method.

The applied index-based methods show that the zones with the lowest degree of
protection are located in the areas where water infiltration is favoured by fragmentation
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and intensive karstification (high and very high vulnerability zones). These areas concern
the Northern foothills of the Lefka Ori Mountains, up to the exploitation field of Myloniana
(Figures 2 and 7). The vulnerability map produced through EPIK method was similar
to those obtained from the PRESK and DRISTPI methods (Figure 7). However, the EPIK
method (Figure 7a) indicates that vulnerability is affected mainly by the characteristics of
the protective cover and to a lesser extent by the presence of fractured zones.

Moreover, the PRESK method (Figure 7b) differs from the EPIK one (Figure 7a), as the
latter identifies higher vulnerability in the areas less sensitive to pollution. In detail, the T1
and T2 vulnerability class, according to EPIK, changes to the T2 and T3 class, respectively,
according to the PRESK method.

In contrast, the DRISTPI method (Figure 7c) degrades the vulnerability of non-karstic
formations (T2 class according to EPIC changes to T1 class according to DRISTPI), and
upgrades the vulnerability class of the karst region (T3 and T4 classes change to T4 and
T5, respectively).

Overall, the results of the DRISTPI method and their difference from those derived by
the EPIK and PRESK methods are presented in Tables 1 and 2 and Figures 7 and 8. The
extent of the high and very high vulnerability zones according to the DRISTPI method
predominates with a percentage of 53% of the entire area, while according to the EPIK and
PRESK methods it is limited to about 22% (Tables 1 and 2, Figure 8).

EPIK method PRESK method
T1 Tl
T4 99 T4 7% T2
18% 172 18% 16%
24%

3 ’ 3
) 55%

DRISTPI method

L T1: Very low vulnerability
22%

T2 T2: Low vulnerability

T3: Moderate vulnerability

T4: High vulnerability

. T5: Very high vulnerability

Figure 8. Vulnerability class distribution.

Moreover, using the DRISTPI method, the low vulnerability class is wider than by
using the other two methods.

From the comparison of the results (Figure 8), it is also concluded that the DRISTPI
method emphasizes the vulnerability of karst formations by classifying them in high and
very high vulnerability zones, while they are characterized as moderately vulnerable zones
by the EPIK and PRESK methods.

Based on the aforementioned annotations and the methodologies proposed in COST
Action 620 [19], which, as referred to by Jiménez-Madrid et al. [39] are in accordance to the
philosophy of the WED to protect water resources, the DRISTPI index was chosen as the
proper method to assess the vulnerability to contamination of the study area.
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4. Groundwater Flow Model in Aquifer’s Discharge Zone

Assuming that the local heterogeneities of the karst in the study area are smoothed out
due to the karstification extent, the system was modelled as an equivalent porous medium.

The groundwater flow was simulated using the MODFLOW code [47] and the Visual
MODFLOW v.2010.1 graphical interface [48]. The model was analyzed extensively in
the discharge zone of the aquifer, assuming steady state flow conditions. The modelling
domain extends to 20.7 km? in the northern part of Agyia’s hydrological basin (Figure 2),
at altitudes from +35 m a.s.l. to +400 m a.s.l. Alluvial, Diluvial and Neogene formations
appear on the surface, while the underlying carbonate rocks of the Trypali unit outcrop in
the south eastern part of the model area.

The aquifer hosted in Trypali carbonate formations was characterized as unconfined
with the possibility of transition to confined conditions, depending on the position of the
piezometric surface [21].

The appropriate set of boundary conditions were assigned according to hydrogeologic
data of the region. In particular, the constant hydraulic head equal to +15 m a.s.l. was
defined at Agyia’s lake location, while at the SE edge of the model where the main supply
of the aquifer originates, the hydraulic head equal to +86 m a.s.l. was assigned (Figure 10).
Furthermore, all significant groundwater intakes were incorporated in simulation mod-
elling. The calibration procedure focused on choosing model input parameters (infiltration
rate and hydraulic head in the boundaries) until the computed results (groundwater level
and springs discharge) matched the observed data reasonably well.

Overall, the model’s performance concerning the measured and the estimated yield
of the springs was acceptable, with a divergence lower than 1%. Moreover, the calculated
mean percent error of the groundwater level in relation to the field data was equal to
—0.51 m, indicating an acceptable degree of accuracy (Figure 9).
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Figure 9. Model verification. Calculated vs. observed groundwater head in observation wells.

The produced potentiometric surface map (Figure 10) indicates that the main path flow
of the groundwater is generally from the Southeast towards the Northwest. Agyia’s springs
are supplied mainly by the groundwater that flows in the Trypali carbonate formation,
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without finding significant escapes north of the springs’ outlet. According to the results,
the hydraulic gradients estimated along the flow path range from 1 to 5%o.

The numerical simulation of groundwater flow was also applied to define the con-
tribution area and the “ransfer time zones” for each abstraction point. Initially “targets”
(particles) were defined at the locations of the water points (pumping wells and springs).
Next, the “Modpath” subroutine of MODFLOW was applied to generate flow path lines to
the targets (Figure 11). The path lines delineate the groundwater flow path and the time
required for the elementary fraction of water to reach the designated target.
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Figure 10. Piezometric map in the modeling area. Additional data from [21] contributed to this design.
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50-days are also shown.
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Using the groundwater flow lines of 360-day transit time (shown in Figure 11) and
by connecting points at which pollution arrives at the same time, different capture zones
were delineated. The isochronal curves of 50-days (Figure 11) extend up to 2 km along the
preferential groundwater flow paths (coming from the SSE to the NW).

5. Delineation of Protection Zones

According to Cost Action 65 [49], source protection zones should be defined around
individual groundwater sources of supply, which ideally encompass the total catchment
area, while the groundwater resources should be protected with a more extensive zoning
that may cover the entire land surface of the aquifer (resource protection zones). The
produced map divides the area into a number of groundwater protection zones according
to the degree of protection required. Within these protection zones, a code of practice
describes the recommended controls for both existing and new activities.

In fragmented and karstified aquifers, several methods have been proposed for the
delineation of protection zones, but the process remains a challenge due to the heterogeneity
and anisotropy of such systems [34,50,51].

As reported by Biava et al. [13] and Pochon et al. [51], the methodologies for the
delineation of groundwater protection zones in such cases must generally be adapted to
the characteristics of the site and the available data. Usually, for delineation of the protec-
tion zones, the isochronous groundwater movement in the saturated zone is considered,
without taking into account the contaminant infiltration through the overlying layers. This
limitation is important when combined with the great depth of the water table, because it
may lead to unreliable results.

Based on the aforementioned views, in order to define the groundwater protective
zones around the water abstraction points in the study area, the risk of pollution was
investigated both:

e in the unsaturated zone through which contaminants infiltration may occur, and
e in the saturated zone, where the attenuation mechanisms of contaminants do not treat
the polluted environment due to the rise in flow water velocity.

Firstly, the distribution of the aquifer’s vulnerability was assessed through proper
index test methods, and the result was used to define the sensitive zones that must be
protected from contaminant infiltration through the overlying layers of the aquifer.

Next, the isochrone method was applied through the numerical simulation of ground-
water flow in order to determine the extent of the region that may be affected by contami-
nant transport through the subsurface flow in the saturated zone.

The results from the vulnerability estimation and the groundwater flow simulation
were merged into an integrated assessment in order to delimit the protection zones for the
groundwater abstraction points located in the discharge zone of the aquifer. In detail, the
following protection zones were designed (Figure 12):

Protection Zone I: This represents an immediate protection zone against the direct
introduction of contaminants to the groundwater. It was delimitated at 20 m around water
abstraction points based on the introduced guidelines [2,16,46,51] and it should be excluded
from any anthropogenic activity.

Protection Zone II: This is known as a controlled zone or a microbiological protection
zone. It spans in the area around Zone I and it should be protected against pollution
from any anthropogenic activity, such as crafts, oil mills, cesspools, cemeteries, etc. It is a
sensitive area that is necessary to be guarded on a 24-h basis.

For delineating this zone, the water flow around the water abstraction points was
simulated under steady flow conditions. It should be noted that the modeling domain
extends up to the boundaries of the hydrogeological or hydrological basin, whichever is
larger (Figure 12).
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Figure 12. Protection zones in the discharge area of Agyia’s karstic system.

Like Lipfert et al. [50], the authors found it necessary to protect the entire contributing
area, not just the underground recharge zone. For this reason, the projection area of the
groundwater path lines to the surface was considered. As is shown in Figure 12, the zone
includes part of the very high and high vulnerability zone defined by the DISTRPI method
(located upwards of the water abstraction points), as well as the area extending downwards
of the wells and springs, to which the flow path lines representing the 50 days travel
time are projected to the ground surface (Figure 11). In this manner, the protection zone
includes the entire contributing area to water abstraction points, not just the ground surface
recharge zone.

Protection Zone III: This refers to the area of the unsaturated zone of the karstic system
that can transport the pollution or the chemical contaminant to the downstream area where
the springs and pumping wells are located (Figure 12).

This zone extends outside Zone I and Zone II, up to the limits of the hydrogeological
or hydrological basin, whichever is larger. It includes the entire capture zone (i.e., the
surface and underground catchment area) that feeds the water abstraction points. In the
study area, the divergence between the boundaries of the hydrologic and hydro geologic
basin is depicted by the diagonal lines in Figure 12.

6. Discussion

The reliability of the produced vulnerability map was verified with a procedure
similar to that proposed by Rézkowski [52], based on the geological knowledge, the results
of hydrogeological investigations [22,32,53], and the chemical and isotopic analyses of
the groundwater [54]. The delineation of protection zones in the discharge area of the
karst aquifer was conducted through a geomorphological-structural approach (index-
based method) that takes into account the potential infiltration of water from surface
to groundwater and a numerical modelling that simulates the groundwater flow and
the contaminant transport processes within the saturated zone. The implementation of
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this approach provides a valuable tool to establish proper protective measures against
groundwater pollution in karst areas.

Considering the contaminant infiltration through the overlying layers of the aquifer as
well as the groundwater flow simulation in the saturated zone, three protection zones were
designed to prevent groundwater pollution phenomena.

Particularly for the delineation of the microbiological protective zone (Protection
Zone 1II), the risk of pollution was investigated both in the unsaturated as well in the
saturated zone of the aquifer, where the attenuation mechanisms of contaminants do not
treat the polluted environment satisfactorily as the water flow velocity increases. The data
from vulnerability mapping and the groundwater flow simulation were merged in order to
delimit the microbiological protection zone for each groundwater abstraction point.

In order to further improve the vulnerability assessment of the karst aquifer and to
improve the confidence in the delimitation of protection zones, more data concerning the
groundwater quality and isotopic investigations are required. However, the tracer test
data are rarely available; and as Marin and Andreo [55] have mentioned the analyses of
hydrochemical and hydrodynamic responses concerning the total organic carbon content is
an alternative that may be of use for the further validation of the produced map.

7. Conclusions and Recommendations

The results from the used methods to assess the intrinsic vulnerability of the aquifer
were compared and the groundwater vulnerability was assessed with an emphasis on
water infiltration from the ground surface to the saturated zone.

Using the EPIK and the PRESK methods to assess the intrinsic vulnerability of the
aquifer, it is concluded that the aforementioned methods only take into account the in-
filtration through overlying layers (soil and unsaturated zone), without considering the
groundwater flow in the saturated zone. On the contrary, the DRISTPI method considers
the water flow in deeper layers, even if only indirectly through the piezometric contours
and the hydraulic parameters of the aquifer that are ignored in the other two methods.
Based on the aforementioned annotations, the DRISTPI index is proposed for assessing the
vulnerability to contamination in karst areas, as it emphasizes the behavior of the carbonate
formations that constitute zones most vulnerable to pollution.

The vulnerability assessment in the study area outlines zones of high vulnerability
in the SE part of the area, far away from the discharge zone of the aquifer and the water
abstraction points. These zones are associated with an intensive infiltration process via
carbonate formations.

Protection Zone I was delimited 20 m around the water abstraction points based on the in-
troduced guidelines [2,7,16,46,51], and it should be excluded from any anthropogenic activity.

Protection Zone II includes part of the very high and high vulnerability zones defined
by the DISTRPI method (located upwards of the water abstraction points), as well as an
area extending downwards of the wells and springs, in which the flow lines of 50 days
transit time are projected to the ground surface. In this manner, the protection zone
includes the entire contributing area to water abstraction points, not just the ground surface
recharge zone.

Finally, Zone III was delimitated outside Zone I and Zone 1I, up to the limits of
the hydrogeological or hydrological basin, whichever is larger. It includes the entire
capture zone (i.e., the surface and underground catchment area) that feeds the water
abstraction points.

It is clear that for the proper delineation of the protection zones, coupling the results
from the geological structure survey and the groundwater vulnerability assessment is
necessary. In any case, the investigation should extend to the boundaries of the hydrogeo-
logical or hydrological basin, whichever is larger, in order to cover the entire area of the
groundwater catchment.

The implementation of this approach that involves the investigation of pollution risk
in the entire area of the groundwater catchment provides a valuable tool for the protection
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of the discharge area of a karst aquifer. The result enables the groundwater management
agency to establish protective measures against pollution in the vulnerable zones and to
preserve the high quality of water for human consumption.
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