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ABSTRACT

The delineation of wellhead protection zones, especially for water-supply wells, is included nowadays
among the most well-known and applied techniques for protecting groundwater quality. To this task,
various methods have been developed and are currently implemented, ranging from simple and
low-cost to more complex and costly ones. As these methods vary regarding their degree of accuracy
and protection, the comparison and evaluation of their outcomes are required, which are usually
based on technical criteria (i.e., extent, shape, and form of protection zones). The study takes a step
forward by comparing and evaluating three different delineation methods not only on the basis of the
morphological features of the protection zones but also considering some economic and environmental
aspects. In this framework, a hydroeconomic model was developed and an economic-environmental
indicator — expressed as the ratio of the total cost of implementing a protection zone to the associated
environmental benefits — was introduced. In the empirical application of this paper, the protection
zones of two water-supply wells, both located in agricultural land, were determined. Furthermore, the
application cost and the environmental impact (i.e., decrease in nitrate concentrations) of the protection
zones were estimated by implementing set-aside programs specifically designed for each zone.

Keywords: Groundwater protection; Wellhead protection zones; Nitrate contamination; Hydro-economic
modeling; Nea Moudania aquifer

1. Introduction legislation, while it is essential due to the increasing water
demand observed nowadays [3,4,9,10].

A practice usually implemented by the competent author-
ities in order to preserve groundwater resources and avoid
their further deterioration involves the delineation of spe-

cific areas of protection around abstraction wells, known as

O.f fr.es.hwater [1-5]. Du.e to this fact, awareness rggarding the Wellhead Protection Areas (or Zones), WHPAs (or WHPZs)
significance of preserving groundwater quality is constantly [1-5,8,11,12]. The ultimate goal of this practice is the proper

arising, thus resulting in the increase of efforts introduced . . : . S
: ; - control of potential pollution sources situated in the interior
both in local and regional scale for achieving groundwater C 1
of these areas, by establishing land use management strate-

resources protection [6-8]. Besides, groundwater protec- ies based h £ volluti . icul 1
tion is strictly imposed by the European Union Framework gies basec on the type of pollution sources (1'.6" agricultural,
industrial, or domestic pollution sources, point or nonpoint

Directive 2000/60/EC and all relevant European and national pollution sources) and their potential groundwater pollution

Groundwater resources pollution caused by numerous
human activities, such as agricultural, industrial, commercial,
and domestic activities, constitutes a major environmental
issue, greatly affecting the available and exploitable amounts
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risk [9,11,13,14]. Through this practice, management of pol-
lution sources is achieved on local scale, which is more cost-
effective and socially acceptable than universal controls over
land use on a regional level [7,15,16].

Several methods have been developed and implemented
so far for the delineation of WHPAs. More specifically, the
US EPA [12] proposed six alternative delineation methods:
(1) arbitrary fixed radius, (2) calculated fixed radius (CFR),
(3) simplified variable shapes (SVS), (4) analytical methods,
(5) hydrogeologic mapping, and (6) numerical modeling.
These methods vary in terms of: (1) cost, amount, and diver-
sity of data required, (2) the time investment and the level of
expertise considered essential for their implementation, and
(3) their degree of complexity and their precision [1,2,7,12].
In general, there is an increase in complexity and cost from
the top to the bottom of the above list [12,14]. A detailed
description of the aforementioned methods with regard to
their technical characteristics (i.e.,, equations, parameters,
and implementation procedure), as well as their advantages,
disadvantages, and implementation costs are provided by
US EPA [12]. Furthermore, a brief evaluation of both their
accuracy and various parameters affecting it is presented in
Raymond et al. [11].

Since a variety of delineation methods exist, the selection
of the most appropriate one for each case is not a trivial task.
According to Hasfurther et al. [17], selecting a delineation
method is based on user expertise, available resources and
data, as well as on the desired degree of accuracy and protec-
tion, whereas it is directly linked to the criterion used for the
delineation (i.e., distance, time-of-travel (ToT), drawdown,
and flow-system boundaries) [9,12,14]. In addition, the
choice of method is tied less to the protection goal than to the
accuracy of delineation desired, and the financial resources
available for delineation [12]. The differentiation of these
methods regarding their degree of accuracy and protection
often leads to their comparison, as well as to the evaluation
of their results. This is actually translated to the evaluation
of the extent and form of the protection areas deriving from
each method. Numerous studies dealing with this issue can
be found in literature (e.g., Refs. [1,2,8,10,11,18-20]). What
is generally missing and should be thoroughly investigated
is the evaluation of these methods by using not only tech-
nical features but also environmental and economic criteria.
Therefore, taking a step further from previous studies, herein
the comparison and evaluation of delineation methods are
based not only on the morphological characteristics of the
zones (i.e., extent, shape, and form) but also on their imple-
mentation cost and their environmental impact. In order to
achieve this and facilitate the whole evaluation procedure, a
hydroeconomic model was developed and a specific indica-
tor incorporating both economic and environmental aspects
was introduced.

Moreover, taking into consideration the characteristics of
the reference area and the fact that the protection zones is
chosen to be situated in agricultural land, their implemen-
tation cost was estimated based on the type of crops culti-
vated, while assuming that a regulatory set-aside program
is applied providing an annual compensation to farmers for
their income foregone. On the other hand, the estimation
of the environmental impact was based on the reduction of
nitrate concentrations in groundwater abstracted from the

protected wells as a result of the set-aside program. This
reduction is attributed to the fact that taking land out of pro-
duction results in the termination of the use of fertilizers and,
therefore, in the decrease of the nitrate load introduced to the
aquifer.

As it is well known, the excessive use of fertilizers in
rural areas for enhancing crop production leads to the con-
tamination of groundwater resources, with nitrates being one
of the most common contaminants [21-24]. High mobility of
nitrates in the environment aggregates the problem [25,26].
Moreover, nitrates in drinking water have been linked to
human health problems including methemoglobinemia,
gastric cancer, and non-Hodgkin’s lymphoma [23,25,27].
Therefore, the implementation of proper management strate-
gies to control nitrate contamination is considered of utmost
importance. Nevertheless, these strategies should be care-
fully investigated and analyzed, especially in the case they
are associated with agricultural development, since they: (1)
affect both the economic development and the social cohe-
sion of rural areas and (2) create conflicts between farmers
and municipal and government authorities [21,22,28]. To
avoid these conflicts and result in efficient and cost-effective
solutions most groundwater regulations require the delinea-
tion of WHPAs with the purpose to prohibit or restrict spe-
cific activities within these areas [12,22].

The goal of this study is thus to compare and evaluate
the application of various methods used for the delineation
of WHPAs taking into consideration not only technical issues
but also economic and environmental aspects associated
with the implementation of protection areas. Therefore, this
study aims to: (1) make the comparison and evaluation of
the delineation methods more robust, and (2) provide more
reliable conclusions about the credibility and applicability of
each method. The implementation of the whole procedure is
performed in the aquifer of Nea Moudania in the Halkidiki
Peninsula (northern Greece), which is faced with severe
quantitative and qualitative problems due to intensive agri-
cultural activities taking place in the region.

2. Materials and methods
2.1. Study area description

The hydrological basin of Nea Moudania is located in
the south-western part of the Halkidiki Peninsula, northern
Greece. It belongs to a broader region known as “Kalamaria
plain,” which is the main agricultural area of Halkidiki. The
basin covers about 127 km? with a mean topographic eleva-
tion of 211 m above mean sea level and a mean soil slope
of 1.8%. Fig. 1 depicts both the location and the boundaries
of the Nea Moudania basin, which is divided into two sub-
regions: the hilly area in the north and the flat area in the
south. The climate of the study area is semi-arid to humid,
typically Mediterranean, and the average annual precipita-
tion is 417 mm for the flat area and 504 mm for the hilly one.
It is characterized by a scalable elevation of the terrain from
the coastal to the inland area and a dense hydrographic net-
work, especially in the hilly area, draining directly to the sea
[4,29,30].

The whole basin is a typical rural area, where agricul-
ture dominates both the local economy and land use (76%).
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Fig. 1. Location of the Nea Moudania basin, as well as of the water-supply wells operating in the study area and the two wells selected
for the protection zones delineation and evaluation procedures (Wells W1 and W2).

Of the remaining land, 20% is woodland, while 4% accounts
for urban and touristic development. Currently, water needs
in the region (irrigation, domestic, and livestock needs)
are exclusively covered by the Nea Moudania aquifer sys-
tem, which is considered to be semi-confined, consisting
of successive water-bearing layers separated by lenses of
semi-permeable or impermeable materials. Uncontrollable
irrigation, in conjunction with the low rate of aquifer replen-
ishment, has caused a quantitative degradation of the local
groundwater resources, since a net deficit in the aquifer’s
water balance is observed [29,30]. In addition, deteriora-
tion of groundwater quality occurs in the reference area
due to both nitrate contamination and seawater intrusion
[4,14,29,30]. With regard to nitrate contamination, several
recent investigations conducted in the region (e.g., Refs.
[9,30-32]) showed high nitrate concentrations, especially in
areas where crop productivity and, therefore, application of
fertilizers are intense.

For the exploitation of groundwater resources, a large
number of abstraction wells operate in the region. Referring
to year 2001, there are totally 518 wells, 39 of which are
municipal domestic wells, supplying with freshwater eight
individual settlements situated in the region (Fig. 1) [29].
Two of these wells (highlighted in Fig. 1) were selected for
our analysis. Their selection was based on the fact that: (1)
they are located in agricultural land and (2) nitrate concen-
trations in the groundwater abstracted from them are rather
high (>25 mg/L) [32], thus rendering the implementation of
preventive measures necessary.

2.2. Methodology

The procedure followed in this study aims to compare
and evaluate three alternative methods applied for the delin-
eation of WHPAs, taking into consideration the morphologi-
cal features of the zones along with their implementation cost
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and their environmental impact. This procedure comprises
the following steps:

Step 1-Delineation of protection areas around two water-sup-
ply wells (both located in agricultural land) by applying
three different delineation methods, that is, the CFR method,
the SVS method and, finally, numerical modeling, and using
the ToT criterion. The first two methods were applied within
the framework of the US EPA Well-head Analytic Element
Model, WhAEM [33,34], while for the implementation of
the third method the MODPATH (a particle tracking post-
processing package) code [35] was used. In the latter case,
the simulation of the groundwater flow of the aquifer under
study is required. To this task, a steady-state groundwater
flow model based on a previously developed model was
formed by applying the MODFLOW (modular three-dimen-
sional finite-difference groundwater flow model) code [36].
Furthermore, three types of protection zones were estab-
lished based on the different value of ToT used in each case
(i.e., 5,10, and 15 years), thus resulting in the development of
nine protection areas per well.

Step 2 — In this step an economic analysis of the implemen-
tation of protection zones is performed. As already stated,
among the various agricultural land use policy measures
(strategies) that can be applied in the protected areas, the
one selected in this study is the implementation of a set-aside
program. According to this program, protection is achieved
by introducing a compulsory set-aside scheme for a prede-
termined number of years and by compensating farmers for
their foregone income. The annual (social) cost of this pro-
gram is equal to the actual gross margin of the protected area.
Therefore, the current cropping patterns in the parcels that
are regulated by the protection zones — as estimated in all
three methods — are first identified and then the actual gross
margin of each protected area (generated in Step 1) is cal-
culated. Long-term costs are then estimated by discounting
future income losses to present values. It should be noted that
in the long term, this is a quite expensive policy (related to
other measures such as the compulsory purchase of agricul-
tural land or the regulatory pumping restriction policies) but
it is an approach that approximates real social costs. Besides,
as the aim of this paper is to compare the economic results of
the different delineation methods rather than estimating the
most efficient land use policy, the selected approach was also
considered appropriate due to its simplicity.

Step 3 — Calculation of the nitrate concentrations in the
groundwater abstracted from the wells selected for the delin-
eation procedure. In this context, a nitrate transport model,
formed on the farm level (i.e., the nitrogen load was calcu-
lated in each parcel based on the type of crop and the amount
of fertilizers applied), was developed. This model was based
on the aforementioned steady-state groundwater flow model,
as well as on a nitrate transport model, which was previously
developed for the reference area. In this transport model,
which was formed on a regional scale, the study area was
divided into zones, while the nitrogen load was calculated in
each zone (based on the parcels’ extent and the type of crops).
The widely used three-dimensional multispecies transport
model MT3DMS [37] was used for the development of the

new model. The newly formed model was run both before
and after the implementation of the set-aside policy, allowing
for the determination of the difference in nitrate concentra-
tions of the abstracted groundwater between the no-protec-
tion and the protection status. This difference occurs since
after the implementation of the set-aside policy no fertilizers
are applied anymore and, therefore, no nitrate load is intro-
duced to the aquifer.

Step 4 — The final step of our analysis consists of calculat-
ing an evaluation indicator, which will incorporate both
economic (total social cost) and environmental (total nitrates
reduction) results. This indicator/criterion was estimated as
the ratio of the total cost of implementing a protection zone
to the associated environmental benefits (i.e., the decrease
of nitrate concentrations) over the time period (5, 10, or
15 years). Therefore, the higher the ratio the less (cost) effi-
cient the delineation method will be. In other words, higher
values indicate that for a certain decrease of nitrate concen-
trations (over a given time period) higher social costs are
required. This indicator was estimated for each protection
zone and was used to evaluate the three different delineation
methods, thus providing an indirect (and actually an inverse)
assessment of the “value for money” of these methods.

3. Protection zones delineation and evaluation procedures
3.1. Delineation of protection zones

In this study, three different methods were implemented
in order to determine WHPZs. These methods are: (1) the
CFR method (first method), (2) the SVS method (second
method), and (3) the MODPATH code (third method). For
the first two methods, the US EPA’s WhAEM was used, while
the third method was implemented within the framework of
Groundwater Modelling System (GMS 8.1). It is worth men-
tioning that in all three methods the ToT is used as a delin-
eation criterion. ToT is based on the maximum time for a
groundwater contaminant to reach a well, using a less sophis-
ticated evaluation of the physical processes of contaminant
transport than most of the other relevant criteria. Of these
physical processes, advection is the most comprehensive one
[9,14,38]. A WHPA delineated through the ToT criterion is the
area surrounding a well that contributes groundwater flow
to the well within a specified time period. The size of this
area is defined by the distance deriving from multiplying the
specified value of ToT by the groundwater velocity [8,9,39].

3.1.1. Theoretical framework

Among the aforementioned methods, CFR and SVS are
considered to be quite simplistic since they are based on
analytical equations. However, the calculation of WHPA
dimensions using the SVS method depends on several
parameters, including the magnitude and direction of the
ambient flow near the well or well field, which is challeng-
ing to characterize [34]. An in-depth description of the whole
calculation sequence associated with the aforementioned
methods is fully provided in Kraemer et al. [34] and Ceric
and Haitjema [40], while their typical results are illustrated
in Fig. 2. For each case presented in Fig. 2 different equations
are used to determine the shape and size of ToT protection
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zones according to the value of the dimensionless travel time
parameter, T [34,40].

MODPATH is a particle tracking postprocessing package
developed to compute three-dimensional flow paths using
as input the results from steady-state or transient ground-
water flow simulations conducted applying MODFLOW.
MODPATH uses a semi-analytical particle tracking scheme
through which an analytical expression of the particle’s
flow path is obtained within each finite-difference grid cell.
Particle paths are determined by tracking particles from
one cell to the next until the particle reaches a boundary,
an internal sink/source, or satisfies some other termination
criterion. The particles can be tracked either forward or
backward in time considering they are affected by advection
only [35,41].

3.1.2. Application in the study area

Since the third delineation method includes the appli-
cation of MODPATH code, the simulation of groundwater
flow applying the MODFLOW code is required. To this task,
a steady-state groundwater flow model was built in order
to get the hydraulic head distribution and thus obtain the
required velocity field. As already mentioned, this model
was based on a steady-state model previously developed
for the reference area by Siarkos and Latinopoulos [29]. The
previous study provides an in-depth description regarding
(1) the construction of the aquifer’s conceptual model as far
as the groundwater flow problem is concerned and (2) the
development and calibration of the steady-state model. The
only modification that was made in this study (in the new
model) is related to its spatial discretization, that is, the cre-
ation of the model grid. Namely, for the needs of this study,
the model grid was reformed, so that each cell has a 25-m side
instead of a 100-m side that was set in the previous model [29].
This modification was considered essential since the cells had
to be smaller in size in order to achieve a more detailed land
use classification, that is, a more accurate representation of
the parcels where the set-aside program is applied. Besides, if
cells were quite large in relation to the parcels’ extent, serious
problems in the development of the nitrate transport model
would be caused, which would also affect the model results
(i.e., nitrate concentrations). Through this modification and
taking into consideration the extent of the model domain, the

Back-of-the-Envelope
Technique

>0.18& =1

Centric circular capture Eccentric circular capture
zone zone

Boat-shaped
capture zone

Fig. 2. Simplified delineation techniques [34].

new model grid consists of 720 rows and 480 columns, and a
total number of 151,514 active cells.

The proper application of all three delineation methods
also requires the availability/estimation of various parame-
ters, such as hydraulic conductivity, effective porosity, aqui-
fer thickness, and well pumping rates. In our case, the values
assigned to these parameters were derived from Siarkos and
Latinopoulos [29] as well. Finally, in order to apply the SVS
method the hydraulic gradient has to be defined. To this task,
the hydraulic head distribution resulting from the steady-
state model was taken into consideration and used for the
hydraulic gradient determination. The results of the whole
procedure are shown in Fig. 3.

In all methods, 20 particles located in the center of each
well were used to best visualize the particles’ path lines
[14,41]. Furthermore, three different types of protection zones
(Zones 1, 2, and 3) reflecting the different values of ToT (5, 10,
and 15 years) were created for each method. Regarding the
values of ToT used, it is considered that a period of 5 years
provides a remarkable level of safety, since the survival of
most pathogens does not exceed 2 years. Likewise, the period
between 10 and 15 years is considered sufficient for the deg-
radation of the various polluting substances [12,14].
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Fig. 3. Hydraulic gradient map based on hydraulic head
distribution.
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3.2. Evaluation of protection zones

In this study the evaluation of protection zones is accom-
plished by taking into account both economic and environ-
mental criteria and considering that a set-aside policy is
applied in those parcels affected by the protection zones.
Therefore, the economic analysis is based on the fact that the
cost of this policy is equal to the actual gross margin of the
protected areas. On the other hand, the environmental anal-
ysis considers the potential future decrease of nitrate concen-
trations in the groundwater abstracted from the protected
wells due to the set-aside program and the subsequent termi-
nation of fertilizers” use inside the regulated (protected) area.

3.2.1. Economic criteria

In this section, the social costs of the various delineation
methods were determined in order to estimate the economic
impact of each delineation method applied in this study.
These costs were considered to correspond to the income
foregone, if farmers were forced to remove their land out of
production for a given period (from 5 to 15 years). It should
be noted that the social costs are independent of the subsidy
policies that may be implemented by local authorities (i.e.,
social costs do not change, whether they are paid by farmers
or society). Farmers’ foregone income (gross margin losses)
was estimated in a per hectare basis, according to the actual
cultivated crops in the parcels that are designated as part of
the protection area. In this context, a Geographic Information
System (GIS)-based analysis was used to locate the various
crops in the reference area taking into consideration a data-
base involving the crop spatial distribution patterns of the
broader study area [42]. From this analysis four different
crops were found in the protected areas: cotton, wheat, olive
trees, and apricot trees. Then, a set of regional agro-economic
indicators — including among others: crop yields, crop prices,
labor costs, and other variable costs (e.g., costs of fertilizers,
pesticides, and irrigation costs) — was used to estimate the
annual gross margin (foregone income) for each of these
crops. Per-hectare costs were then summed to calculate the
total annual cost of each protection zone. Then, to estimate
the long-term costs of each delineation method (i.e., the costs
for the whole implementation period in each zone), all future
(annual) income losses were discounted to a present value,
by means of a social discount rate, which was assumed to be
equal to 3%.

3.2.2. Environmental criteria

In order to estimate the environmental impact of the
various delineation methods used in this study, a nitrate
transport model was developed on the farm level based on:
(1) the steady-state groundwater flow model mentioned in
Section 3.1.2 and (2) a regional calibrated nitrate transport
model, previously developed for the study area by Siarkos
[32]. In the newly formed model, the model domain and the
model grid were kept identical to those of the steady-state
groundwater flow model. Moreover, the model was built
maintaining exactly the same boundary conditions as the
regional transport model (Fig. 4). With regard to various
transport parameters (i.e., effective porosity and dispersivity),

their values were set according to their adjustment during the
calibration of the regional transport model [32]. In short, in the
case of effective porosity and on the basis of the aquifer’s con-
ceptual model formed in Siarkos and Latinopoulos [29] and
Siarkos [32], six distinct zones were created (Fig. 4). Different
values of porosity were assigned to these zones according
to the calibration results of the regional transport model. As
shown in Fig. 4, the wells selected for the delineation pro-
cedure are included in two different zones, where effective
porosity is equal to 0.05 (Well 1, W1) and 0.14 (Well 2, W2).
Moreover, based on the same results, longitudinal dispersiv-
ity was set equal to 75 m for the whole region, while the ratio of
transversal to longitudinal dispersivity was considered equal
to 0.1 (a, = a,/10). Finally, molecular diffusion and denitrifi-
cation were both considered to be negligible. The assumption

0 mg/l

0 1 2

— e || OMIStErS

Fig. 4. The six distinct zones of the study area, along with
the boundary conditions regarding the nitrate transport
problem and the wells selected for the delineation procedure
(W1 and W2).
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that no denitrification occurs is mainly based on the fact that
no presence of nitrites (NO,") is observed in local ground-
water resources according to the chemical analysis results
of various studies conducted in the region [30-32]. Nitrites
are used as indicators of denitrification since they constitute
intermediate products of the whole procedure [43—45].

As known, once nitrogen enters the soil and before leach-
ing to groundwater mostly as nitrate, it undergoes several
biochemical transformations. These transformations include
mineralization, immobilization, nitrification, denitrification,
volatilization, crop uptake, and leaching from the soil zone
[23,28,46]. It has been reported in many studies that approx-
imately 30%-50% of the applied nitrogen fertilizer leaches to
groundwater in the nitrate form [47]. In this study, based on
the findings of Siarkos [32], approximately 40% of the total
nitrogen load was assumed to reach the groundwater system.
After estimating the nitrogen load by multiplying the fertil-
izer application rate for each crop (i.e., olive and apricot trees,
wheat, and cotton) in each parcel with its areal extent and
taking into account all the loses due to the aforementioned
processes, the final nitrate load percolating into the ground-
water system was estimated. At this point, it should be
noted that a recharge concentration boundary condition was
chosen to simulate nitrate leaching. In Table 1 the suggested
amount of nitrogen per crop type is given. It is obvious that
olive trees require much higher amount of nitrogen than the
other three crops.

Since a mass transport model was developed, temporal
discretization referring to the assignment of both the time
duration and the time step of the simulation is also required.
A 15-year simulation period was selected (2014-2028) which
was divided into 180 monthly stress periods. The duration
of the simulation period coincides with the highest value of
ToT which is used in the delineation procedure. Finally, with
regard to the initial conditions of the model the nitrate con-
centrations’ distribution produced by the regional transport
model and referring to January 2014, was used.

Through this model, the projection of nitrate concentra-
tions” distribution can be performed under various condi-
tions with regard to the nitrate load introduced to the aquifer.
Namely, nitrate concentrations” distributions were projected
before and after the implementation of set-aside programs.
In the former case, nitrate load resulting from each parcel
corresponds to current fertilization practices applied in the
study area without considering any restriction measures. In
the latter case, nitrate load in an area (i.e., in some parcels)
defined by the extent and the form of protection zones was
totally removed. This area differs for each protection zone
resulting from each alternative delineation method. Due to
this fact, a different environmental pressure (measured in
terms of nitrate load introduced into the aquifer) is observed,
thus leading to different environmental effect/impact (mea-
sured in terms of nitrate concentrations in the vicinity of the
protected wells).

Table 1

Suggested amount of nitrogen per crop type (kg/acre) [48]
Olive trees Apricot trees Cotton Wheat
75 15 5 15

4. Results and discussion
4.1. Delineation of WHPZs

All types of protection zones (5, 10, and 15 years) in the
selected wells (W1 and W2) resulting from the application of
the three different delineation methods are depicted in Fig. 5.
Additionally, the extent of all zones resulting from each
method is presented in Table 2.

From Fig. 5, it can be concluded that the protection zones
resulting from the first method differ in shape with the corre-
sponding ones resulting from the application of the other two
methods. More specifically, an elongation of the protection
areas is observed when using the second or the third method,
which is totally attributed to the fact that these methods take
into account the natural flow of groundwater. This elonga-
tion is greater in the case of W2 than in W1 due to higher
values of groundwater velocity. As a result, the first method
by ignoring the groundwater movement leads to the under-
protection of the upstream regions and the over-protection of
the downstream ones [12]. Moreover, from Table 2 it can be
concluded that the first method results in protection zones
of greater extent in comparison with the corresponding ones
resulting from the other two methods. On the contrary, the
third method results in protection zones with the smallest
extent of all.

4.2. Economic analysis of protection zones

The results of the economic analysis are presented in
Table 3. According to these findings, the CFR method usually
results in significantly higher implementation costs as com-
pared with the other two delineation methods, while the SVS
method appears to be the lower cost method. Regarding Zone
1, the CFR method, on average (as shown in Fig. 6), results
in: (1) 12.7% higher costs as compared with the SVS method
and (2) 1.3% lower costs as compared with the MODPATH
method (this is actually the only case where CFR was found
less costly than some other method). The differences become
more pronounced when considering the other two zones.
Particularly, in Zone 2, the CFR method imposes 78.9% higher
costs than the SVS method and 14.8% higher costs than the
MODPATH method. Likewise, in Zone 3, the CFR method
results in 95.9% higher costs than the SVS method and 66.7%
higher costs than the MODPATH method. It is worth noting
that the implementation of a CFR-based Zone 2 seems to be
cost equivalent to the implementation of a SVS-based Zone
3. It is also interesting to note that even though the two wells
generate significant different costs, the overall (economic)
classification of the three methods remains the same.

4.3. Environmental analysis of protection zones

In Table 4 the nitrate concentrations in the selected wells
at the beginning of the simulation period, as well as after 5,
10, and 15 years are shown. These values correspond to no
protection status, that is, no restriction measures regarding
the use of fertilizers were applied. It is obvious that, in all
cases, nitrate concentrations in W1 are higher than the corre-
sponding ones in W2. This is partly attributed to the fact that
in the vicinity of W1 parcels mostly containing olive trees
are located (Fig. 7). According to Table 1, olive trees require
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Fig. 5. All types of protection zones (5, 10, and 15 years) in the selected wells (W1 and W2) resulting from the application of the three

alternative delineation methods.

Table 2

Extent (in m?) of all types of protection zones (Zone 1 -5 years, Zone 2 — 10 years, and Zone 3 — 15 years) for each delineation method

Well CFR SVS MODPATH

Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
W1 6,098 12,065 18,100 5,242 8,616 14,142 3,785 7,604 11,466
W2 6,573 13,037 19,651 4,104 7,678 10,785 2,754 5,368 8,067
Total 12,671 25,103 37,752 9,346 16,294 24,927 6,540 12,972 19,533

higher amount of nitrogen fertilizers, which results in higher
values of nitrate load entering the aquifer. On the contrary,
W2 is situated in a parcel where wheat is cultivated (Fig. 7)
and the suggested amount of nitrogen is rather low.

In Table 5 nitrate concentrations in the selected wells for
all types of protection zones and for each delineation method
are presented. These values correspond to the protection sta-
tus, that is, a set-aside scheme was applied in those parcels
designated as part of the protection areas. According to these

results and in comparison with the corresponding ones in
Table 4, it can be concluded that the application of the set-
aside program in the affected parcels leads to a reduction of
nitrate concentrations in both wells for all types of protection
zones and for each delineation method. This reduction is
more substantial in the case of W1, since the restriction mea-
sures are applied in parcels where olive trees are located.
Moreover, what is worth mentioning is that in the case of
W1 the CFR method results in lower nitrate concentrations
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Table 3
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Annual and total implementation cost for all types of protection zones and for each delineation method based on the current

cropping patterns

Well CFR SVS MODPATH
Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
W1 Wheat (m?) 7,593 7,593 7,593 5,097 8,198 8,198 5,097 5,097 8,198
Olive trees (m?) 16,793 24,206 27,713 17,319 17,319 17,319 12,299 21,812 21,812
Annual cost (€/year) 5,435.78 7,806.45  8,927.99 558250 5,609.20 5,609.20 3,977.11 7,019.36 7,046.06
Total cost (€) 24,894.27 66,590.64 106,581.80 25,566.22 47,847.62 66,962.28 18,213.98 59,876.59 84,115.44
W2 Wheat (m?) 19,070 19,070 24,551 12,639 18,112 18,112 12,639 18,112 18,112
Olive trees (m?) 2,552 9,521 21,556 0 7,559 7,559 7,559 7,559 7,559
Cotton 0 0 0 0 0 0 0 0 6,430
Apricot trees 5,004 5,004 5,004 0 0 0 0 0 0
Annual cost (€/year) 980.32 3,209.01 7,104.99 108.82 652.00 2,573.31 2,526.19 2,573.31 2,573.31
Total 4,489.59 27,373.49 84,81894  498.37 5561.69  30,720.04 11,569.21 21,950.88 30,720.04
120,0000€ = 100,000.0€ -~ =
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100,0000€ - —=Method2 |- 80,0000€ - hod2 ,
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Fig. 6. Cost of wellhead protection under the three delineation methods.

Table 4

Nitrate concentrations (in mg/L) in the selected wells at the
beginning of the simulation period (2014), as well as after 5, 10,
and 15 years without the implementation of restriction measures

Well 0 years 5 years 10 years 15 years
W1 31.4 36.2 40.4 43.7
W2 25.2 26.6 27.9 28.8

than the other two methods for all types of protection zones,
while in the case of W2 all methods provide almost similar
results for all type of protection zones. These findings are
also verified in Figs. 8 and 9, where the nitrate concentra-
tions evolution over time before (no protection) and after the

1:5000

LEGEND
@ WELL1(W1) ® WELL 2 (W2) [ ] Apricot trees [ Cotton [ll Olive trees [ | Wheat

Fig. 7. Type of crops around the selected wells (Wells 1 and 2).
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Nitrate concentrations (in mg/L) in the selected wells for all types of protection zones (Zone 1 -5 years, Zone 2 — 10 years, and Zone

3 - 15 years) and for each delineation method

Well CFR SVS MODPATH
Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 Zone 1 Zone 2 Zone 3
W1 31.4 31.7 31.1 32.1 334 35.0 32.9 31.8 324
W2 25.9 26.9 27.1 26.0 26.5 27.1 25.8 26.5 27.0
_ 45 —Noprotection 100000} e e
24| —woppamH 9,000.0 -1 :m:ﬁi rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
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Fig. 8. Nitrate concentrations evolution over time before (no
protection) and after the implementation of the set-aside policy
for 15 years (third type of protection zones) in well W1.
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Fig. 9. Nitrate concentrations evolution over time before
(no protection) and after the implementation of the set-aside
policy for 15 years (third type of protection zones) in well W2.

implementation of the set-aside programs for 15 years (third
type of protection zones) in wells W1 and W2 are, respec-
tively, depicted.

4.4, Economic-environmental indicator

As already mentioned, the final step of our analysis aims
to combine the economic and environmental results into one
decision criterion, that is, into one single evaluation indica-
tor. This indicator was estimated for each protection zone, in
each well (Figs. 10 and 11 present the results for wells W1 and
W2, respectively) and can be used to evaluate the three differ-
ent delineation methods. According to these results, the CFR
(first method) is by far the less efficient one (i.e., the method
with the higher cost for a given environmental benefit).
Between the other two methods there isno clear-cut “winner,”
as the SVS (second method) seems to be more appropriate

10years (Zone 2)

Syears (Zone 1) 15 years (Zone 3)

Fig. 10. Results of the economic-environmental indicator in
well W1.
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Fig. 11. Results of the economic-environmental indicator in
well W2.

for the 10-year period, while the MODPATH (third method)
is slightly better for the 15-year period. Finally, it should be
noted that for the case of the 5-year period, all three methods
seem to provide similar (average) values.

5. Conclusions

In this study, the comparison and evaluation of three
alternative methods, that is, the CFR method, the SVS
method, and numerical modeling (MODPATH), used for the
delineation of WHPZs was attempted, considering also three
types of protection zones based on different ToT values. To
this task, a generic methodology was developed, according
to which the comparison and evaluation of the aforemen-
tioned methods were based not only on technical features but
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also on environmental and economic criteria. In this context,
a hydroeconomic model was developed and an economic-en-
vironmental indicator, expressed as the ratio of the total cost
of implementing a protection zone to the associated environ-
mental benefits, was introduced.

For the empirical analysis, two water-supply wells, both
situated in agricultural land were selected, while the imple-
mentation of a set-aside program was preferred among other
alternative restriction measures that can be applied in the
case of agricultural nonpoint pollution sources. According to
this policy, certain parcels, determined by the different pro-
tection zones, are taken out of production. This leads to the
termination of the fertilizers’ use, which, in turn, results in the
termination of the nitrate load introduced to the groundwa-
ter system. The economic analysis is based on the assumption
that the (social) cost of this policy is equal to the present value
of farmers’ foregone revenues (due to the set-aside schemes),
while the environmental analysis considers the potential
future decrease of nitrate concentrations in the groundwater
abstracted from the protected wells.

According to our results and taking into consideration
both economic and environmental aspects, it can be concluded
that the CFR method is, in general, the less efficient one espe-
cially in the case of Type 2 (10 years) and Type 3 (15 years)
protection zones. Even though, in the particular case of Well 1,
its implementation results in lower nitrate concentrations, the
costs in order to achieve these values are rather high in com-
parison with the other two methods. This is mainly attributed
to the shape and the extent of the zones created by the CFR
method, according to which, many parcels are affected and,
therefore, selected to be taken out of production. With regard
to the efficiency of the other two methods, that is, the SVS
method and MODPATH method, the results are not entirely
definite. In both wells, the SVS method appears to be more
appropriate for the 10-year period, while the MODPATH
method is slightly better for the 15-year period. Therefore,
the SVS method is considered better for short (5 years) and
intermediate (10 years) time periods, while the MODPATH
method seems to be more suitable when a longer time period
(15 years) is considered in the analysis.

In conclusion, this study provides useful insights regard-
ing the comparison and evaluation of various methods
applied for the delineation of WHPZs. Taking into consid-
eration the implementation costs of the zones produced by
various methods, as well as their environmental impact, the
procedure followed in this study can be considered as a first
step toward a complete and sound evaluation procedure,
which will be able to provide reliable and realistic results.
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