
Introduction

Groundwater vulnerability assessment has been a chal-
lenging task, since it highlights areas where particular
attention should be given to groundwater protection.
The term groundwater vulnerability includes two basic
parameters: intrinsic vulnerability and specific vulnera-

bility (Gogu and Dassargues 2000). The former defines
the vulnerability of groundwater to contaminants gen-
erated by human activities, taking into account only the
inherent hydrogeological characteristics of the area, and
is independent of the nature of the contaminants. The
latter is specified for a particular contaminant or group
of contaminants.
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Abstract The assessment of
groundwater vulnerability to pollu-
tion aims at highlighting areas at a
high risk of being polluted. This
study presents a methodology, to
estimate the risk of an aquifer to be
polluted from concentrated and/or
dispersed sources, which applies an
overlay and index method involving
several parameters. The parameters
are categorized into three factor
groups: factor group 1 includes
parameters relevant to the internal
aquifer system’s properties, thus
determining the intrinsic aquifer
vulnerability to pollution; factor
group 2 comprises parameters rele-
vant to the external stresses to the
system, such as human activities and
rainfall effects; factor group 3
incorporates specific geological set-
tings, such as the presence of geo-
thermal fields or salt intrusion zones,
into the computation process. Geo-
graphical information systems have
been used for data acquisition and
processing, coupled with a multicri-
teria evaluation technique enhanced
with fuzzy factor standardization.
Moreover, besides assigning weights

to factors, a second set of weights,
i.e., order weights, has been applied
to factors on a pixel by pixel basis,
thus allowing control of the level of
risk in the vulnerability determina-
tion and the enhancement of local
site characteristics. Individual anal-
ysis of each factor group resulted in
three intermediate groundwater vul-
nerability to pollution maps, which
were combined in order to produce
the final composite groundwater
vulnerability map for the study area.
The method has been applied in the
region of Eastern Macedonia and
Thrace (Northern Greece), an area
of approximately 14,000 km2. The
methodology has been tested and
calibrated against the measured ni-
trate concentration in wells, in the
northwest part of the study area,
providing results related to the
aggregation and weighting proce-
dure.
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Untill now, several vulnerability assessment tech-
niques have been developed. The most common ones
are: the DRASTIC system (Aller et al. 1987), the GOD
system (Foster 1987), the AVI rating system (Van
Stempvoort et al. 1993), the SINTACS method (Civita
1994), the ISIS method (Civita and De Regibus 1995),
the Irish perspective (Daly et al. 2002), the German
method (Von Hoyer and Sofner 1998) and EPIK (Do-
erfliger et al. 1999). A comparison of the above aquifer
vulnerability assessment techniques has been performed
by Gogu and Dassargues (2000) and Gogu et al. (2003),
which showed that there is a wide range in the results
provided by each method and that, in many cases, there
was disagreement. The reason for this is that aquifer
vulnerability is not a measurable quantity, making the
choice among the several methods quite an ambiguous
task. In recent studies (Dixon et al. 2002; Dixon 2005),
however, it was attempted to compare the results of
vulnerability assessment methods with aquifer water
quality data and perform a method sensitivity analysis.

This study presents a method of assessing aquifer
vulnerability to pollution, at the regional scale, which
takes into account the intrinsic hydraulic parameters of
the aquifer and socioeconomic parameters, such as
population distribution and concentration of the main
industrial or other contaminant producing activities
(e.g., landfill sites, salt works, oil industry, airports,
ports, highways, etc.). Moreover, parameters such as the

presence of geothermal fields or saltwater intrusion areas
are introduced in the computation process, enriching the
method with factors that take into account the particu-
lar characteristics of local aquifers and integrating them
into regional scale calculations.

The method has been applied to the region of Eastern
Macedonia and Thrace in Northern Greece (Fig. 1).
The area is quite extensive, approximately totaling
14,000 km2. All types of aquifers are present in the study
area, i.e., confined, unconfined, karst and fractured
aquifers. The process is not concentrated on any partic-
ular aquifer type, unlike other methods, such as EPIK
(Doerflinger and Zwahlen 1998), which is developed
especially for karst aquifers (Gogu andDassargues 2000).
A variety of activities, such as agricultural, industrial and
urban land uses, exist in the area, thus exposing the
aquifers to a wide range of contaminants.

Geographical information systems (GIS) combined
with fuzzy logic and multicriteria evaluation techniques
were used for data acquisition and the production of
factor images, which served as map layers in the
assignment process. The process involves transforma-
tion of the different ratings of the factor images into
comparable values and aggregation of the individual
factor scores, in order to create the intermediate and
final groundwater vulnerability map.

The aggregation procedure includes factor distinction
in three groups and the assignment of factor weights in

Fig. 1 Location map of the study area
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each group separately, following the analytical hierarchy
process (AHP) (Saaty 1977). A step beyond the typical
AHP is the assignment in the present study, of a second
set of weights known as order weights, which are applied
on a per pixel basis for different rank-order positions of
factors at every location (pixel) (Eastman 2003), thus
modifying the degree to which factor weights influence
the aggregation procedure. The application of the or-
dered weighted averaging technique has been presented
by Eastman (2003), using a hypothetical site selection
process. In this study, a first attempt has been made to
apply this relatively new and experimental technique to a
real case.

For each one of the three factor groups an inter-
mediate aquifer vulnerability map was created; these
maps were then combined in two ways in order to
produce a composite aquifer vulnerability map. In or-
der to calibrate and check the validity of the presented
methodology, the results were compared to the mea-
sured nitrate concentration in wells in the northeast
part of the study area (Fig. 1). This comparison re-
duces the subjectivity of the methodology and makes it
very promising.

Methodology description

In the present study an overlay and index method of
assigning groundwater vulnerability to pollution is pre-
sented. The study area has been discretized using a grid
cell size of 60 m·60 m. Initially all the factors were
standardized to a byte-level range of 0–255, which pro-
vides the maximum differentiation possible while ana-
lyzing data in byte type, thus requiring half the disk
space needed for the normal two-byte integer files
(Eastman 2003). Zero is assigned to the least vulnerable
areas and 255 to the most vulnerable ones, transforming
the different measurement units of the factor images,
which served as GIS map layers, into comparable values
using fuzzy membership functions. In this process, sig-
moidal (‘‘s-shaped’’) fuzzy membership functions, spec-
ified for each factor, are used, i.e., monotonically
increasing and monotonically decreasing. The sigmoidal
membership function is perhaps the most commonly
used function in fuzzy set theory (Eastman 2003),
offering a gradual variation from non-membership, i.e.,
0, to complete membership, i.e., 1. The sigmoidal
membership function can be specified by four parame-
ters (a, membership rises above 0; b, membership be-
comes 1; c, membership falls below 1; d, membership
becomes 0) (Fig. 2). It is expressed as:

lðxÞ ¼ cos2 a; ð1Þ

where, in the case of a monotonically decreasing
function,

a ¼ x� c
d � c

p
2
; ð1aÞ

when x<c, l(x)=1. In the case of a monotonically
increasing function,

a ¼ 1� ðx� aÞ
b� a

� p
2

ð1bÞ

when x>b, l(x)=1.
Twelve factors are involved in the computation pro-

cess, distinguished in three main groups according to the
way they influence groundwater vulnerability to pollu-
tion. More specifically, the following 12 factors were
introduced into the computation process of aquifer vul-
nerability: (1) aquifer type; (2) depth to water table; (3)
hydraulic conductivity; (4) surface runoff; (5) land uses
(non-point source pollution); (6) concentrated polluting
activities (point source pollution); (7) proximity to rivers;
(8) proximity to highways; (9) proximity to residential
areas; (10) presence of environmentally protected areas;
(11) presence of geothermal fields; and (12) presence of
saltwater intrusion zones. The first group includes factors
1–3, relevant to the hydraulic properties of the aquifer,
which are not dependent on external stresses; thus
characterizing the intrinsic vulnerability of the aquifer.
The second group comprises factors 4–10, relevant to the
socioeconomic and development status of the study area,
reflecting the impact of external anthropogenic forces on
the aquifer system; thus describing the specific aquifer
vulnerability. In this second group, a factor that de-
scribes surface runoff accumulation is also included, as it
is considered an external parameter to the aquifer system.
The third group includes factors 11 and 12, which are
relevant to the presence of particular geological condi-
tions, such as areas influenced by saltwater intrusion or
those including geothermal fields. In the present study,
these three distinct categories were examined separately,
producing three types of intermediate aquifer vulnera-
bility to pollution maps.

Fig. 2 Sigmoidal fuzzy membership functions
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In each group, the factor weights were assigned
according to how important each factor was. To make
the process of assigning factor weights more objective, a
pairwise comparison was applied in which only two
criteria were considered at a time. That way it is more
likely to produce a more robust set of criteria weights
(Eastman 2003). The implemented technique of the
pairwise comparison of factors was developed by Saaty
(1977) in the context of a decision-making process
known as the AHP (Pavlikakis and Tsihrintzis 2003). In
the procedure for multicriteria evaluation in the present
study, using a weighted linear combination, it was nec-
essary that the assigned factor weights sum to one. In
Saaty’s (1977) technique, factor weights can be derived
by taking the principal eigenvector of a square reciprocal
matrix of pairwise comparisons between the criteria. The
comparisons concern the relative importance of the two
criteria involved in determining suitability for the stated
objective (Eastman 2003). An index of consistency,
known as the consistency ratio (CR) (Saaty 1977), can
be produced, since the complete pairwise comparison
matrix contains multiple paths by which the relative
importance of criteria can be assessed, thus, determining
the degree of consistency that has been used in devel-
oping the ratings. The CR presents the probability that
the matrix ratings are randomly generated (Saaty 1977)
and indicates that matrices with CR ratings greater than
0.10 should be re-evaluated. In addition to the overall
CR, it is also possible to analyze the matrix to determine
where the inconsistencies arise (Eastman 2003).

Additionally, in the present study, one more set of
weights, i.e., order weights, has been applied to each
group of factors analyzed, following a procedure known
as the ordered weighted average (Eastman 2003). Order
weights are quite different from factor weights. They do
not apply to any specific factor. Instead, they are applied,
on a pixel-by-pixel basis, to factor scores as determined
by their rank ordering across factors at each location
(pixel). Order weight 1 is assigned to the lowest-ranked
factor for that pixel (i.e., the factor with the lowest score),
order weight 2 to the next higher-ranked factor for that
pixel, and so forth. In that way, a single order weight can

be applied to pixels from any of the various factors
depending upon their relative rank order. This procedure
offers the possibility to adjust computations, according
to how risky or strict the decision is desired to be, i.e.,
whether pixel values are stressed toward the lower or
higher vulnerability values. Taking as an example factor
group 1, including factors related to the intrinsic aquifer
vulnerability, i.e., aquifer type, hydraulic conductivity
and depth to water table, the assignment of order weights
could have the results shown in Table 1.

In the first case, the weight is distributed evenly
among all factors, regardless of their rank order posi-
tion. The result is exactly in the middle, in terms of
risk. In the second case, the factor with the lowest
score, i.e., the less vulnerable, receives all the weight,
regardless of the factor weights assigned. This result
incorporates a high level of risk, as all the pixels in the
study area are assigned the value of the lowest vul-
nerability factor. The intermediate groundwater vul-
nerability map produced that way is more likely to
have underestimated values of groundwater vulnera-
bility since it is assigned values from the factor with the
lowest score. On the contrary, the third case assigns all
weight to the factor with the highest score in each
pixel, resulting in pixel values equal to the highest
vulnerability factor. This is the most conservative case,
as the values assigned in the vulnerability map are ta-
ken from the factor with the highest vulnerability score.
In that way extensive areas are assigned overestimated
values of groundwater vulnerability to pollution, lead-
ing to a risk averse decision in the groundwater pro-
tection scheme, demonstrating, though, no trade-off.
The skewing of order weights, toward either factor with
the lowest or highest score, results in all possible cases
between risk and stringency.

In order to apply the above described methodology,
all factors were introduced as map layers in the GIS
program MapInfo Professional ver. 7.8. Raster data
were processed with Vertical Mapper ver. 3.1, whereas
fuzzy factor standardization and the multicriteria eval-
uation has been performed using the GIS program Idrisi
Kilimanjaro.

Table 1 Example of order
weight assignment Factors Aquifer type Hydraulic conductivity Depth to water table

Moderate level of risk—moderately strict decision
Order weights 0.33 0.33 0.33
Rank 1st 2nd 3rd

High level of risk—no strict decision
Order weights 1 0 0
Rank 1st 2nd 3rd

Low level of risk—very strict decision
Order weights 0 0 1
Rank 1st 2nd 3rd
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Methodology application

Factor group 1: assignment of intrinsic aquifer
vulnerability

As mentioned earlier, factor group 1 comprises factors
related to intrinsic aquifer characteristics, i.e., aquifer
type, hydraulic conductivity and depth to water table
(Fig. 3).

Factor 1: aquifer type

Four discrete categories of aquifer types were assigned in
the study area, i.e., unconfined aquifer, confined aquifer,
karst (limestone), and fractured aquifers (groundwater
in igneous and metamorphic rocks) (Fig. 3a). While
most factors can be automatically rescaled using some
mathematical function, rescaling categorical data such
as aquifer types requires giving a rating to each category
based on some knowledge, according to their relative
vulnerability to pollution. In this case, the aquifer vul-
nerability rating is specified assuming that the most
vulnerable ones are karst aquifers, which received the
highest rating value, i.e., 255. Unconfined aquifers are
the next most vulnerable, which received a value of 155.
Confined aquifers were assigned a value of 75 whereas
fractured aquifers are treated as the least vulnerable
ones, receiving a value of 0. Karst aquifers comprise
karstified limestones and marbles of various ages, from
the middle Mesozoic to the Eocene. Karstification re-
sults in high hydraulic conductivity values and, conse-
quently, vulnerability to pollution is particularly high.
Karst aquifers occupy 13.3% of the study area
(1,808 km2). Unconfined aquifers are pore aquifers,
mainly including the most recent alluvial deposits of the
Quaternary to the upper Miocene age. Since they are not
protected by a confining layer, any potential pollutant
released on the ground surface may easily reach the
groundwater. Thus, unconfined aquifers are considered
as the second most vulnerable to pollution. They form
25.2% of the study area, i.e., 3,427 km2. Confined
aquifers are protected by a confining layer, so pollutants
are not expected to easily reach groundwater. They
comprise mainly sedimentary and metasedimentary
formations of the late Mesozoic to the Pliocene age, with
an aerial extent of 1,863 km2 (13.7% of the study area).
The least vulnerable aquifers are the fractured ones,
which cannot be considered as ordinary aquifers in the
sense that they are not water bearing formations. They
only carry water through fractures and faults due to
tectonic events. In the study area, geological formations
that include fractured aquifers occupy 47.8% of the
study area (6,500 km2), are located mainly in the
northern mountainous part and are considered as old
rock formations, forming part of the Hellenic hinterland
of the Palaeozoic or even older age. The rock types

forming these faulted aquifers are gneiss, amphibolites,
leptinites, granodiorites, marbles, migmatites, metaba-
sites, and ultrabasites. Since they have been affected by
pre-alpine tectonics as well as by alpine deformation
during tertiary times, they appear to be faulted and
fractured.

Factor 2: hydraulic conductivity

A well inventory has been created including over 2,000
boreholes in the study area. Data have been collected
from a variety of sources, such as the Greek Geological
Survey (Vergis 2000; Dimadis et al. 2001; Papadopoulos
et al. 2001; Papadopoulos and Romaidis 2002) and
Democritus University of Thrace, as well as from indi-
vidual drillers and various previous studies (Diamantis
1993; Petalas 1997; Panilas 1998; Pliakas et al. 1999;
Petalas et al. 2001). In almost 50 boreholes, pumping
tests were performed and the hydraulic properties of the
corresponding aquifers were calculated. In areas where
no data exist, hydraulic conductivity values were as-
signed based on bibliographical evidence (Fetter 1994),
type of geological formation, grain size and the degree of
consolidation. Typical hydraulic conductivity values are:
10)7–10)9 m/s for metamorphic rocks (i.e., gneiss,
schists, migmatites, metabasites, amphibolites, and non-
karstified marbles), 10)8–10)7 m/s for clays and marls,
10)6 m/s for flysch formations, 10)5–10)3 m/s for sands,
according to their fine grain content, 10)2–10)3 m/s for
gravels and conglomerates, and 10)2–10)1 m/s to kars-
tified marbles and limestones (Fig. 3b). A monotonically
decreasing sigmoidal fuzzy membership function was
applied in order to transform the above hydraulic con-
ductivity values to a continuous set of values ranging
from 0 to 255. The control points were 10)1, where
function membership becomes 1 (i.e., at highest
groundwater vulnerability) and 10)9, where function
membership becomes 0 (i.e. at lowest groundwater vul-
nerability).

Factor 3: depth to water table

Depth to water table has been assigned using the well
inventory discussed in the previous section. Moreover,
data from 168 springs were incorporated in the well
inventory. The spring locations were assigned a zero
depth to water table, whereas a negative value of depth
to water table, i.e., )1, indicates areas where artesian
aquifers overflow. A 500 m buffer zone was created
around each borehole and spring, and the depth to water
table for the whole zone was assigned as equal to the
depth to water table of the associated point. In fractured
aquifers, the depth to water table was assigned an
arbitrary value of 100, as no groundwater level is present
in these rock formations and, consequently, a relatively
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Fig. 3 Factors of the internal aquifer system properties
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high value for depth to water table is needed for calcu-
lations to proceed (Fig. 3c). A monotonically decreasing
sigmoidal fuzzy membership function was applied in
order to transform the above depth to water table values
to a continuous set of values ranging from 0 to 255. The
control points were 0, where function membership be-
comes 1 (i.e., at highest groundwater vulnerability) and
100, where function membership becomes 0 (i.e. at
lowest groundwater vulnerability). Values greater than
100 receive the same function membership value of 0
since higher values of depth to water table were con-
sidered to have no more impact on groundwater vul-
nerability. In areas where overflowing occurs (i.e.,

artesian aquifers with their piezometric surface above
the topographic surface) an arbitrary value of 25 (low
vulnerability), in the scale of 0–255 has been assigned
since, in this particular case, the water is flowing out of
the aquifer, thus minimizing the potential of ground-
water pollution in case a pollutant is released.

Factor group 2: assignment of aquifer vulnerability
related to external forces

Factor group 2 comprises external factors to the aqui-
fer system, i.e., surface runoff, non-concentrated land

Fig. 4 a Precipitation distribution in the study area. b Digital elevation model. c Permeability of geological formations. d Surface runoff
accumulation
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uses, proximity to concentrated land uses, proximity to
major rivers, proximity to residential areas, areas pro-
tected by national law or international environmental
treaties and proximity to highways and railways
(Figs. 4, 5, 6, 7).

Factor 4: surface runoff

Each pixel in the study area receives an amount of rain
(Fig. 4a). RUNOFF is a specially developed routine
incorporated in the GIS program Idrisi Kilimanjaro that
calculates the accumulation of rainfall units per pixel,

based on an elevation image (DEM) (Eastman 2003)
(Fig. 4b), and is a modification of the algorithm de-
scribed by Jenson and Domingue (1998). The higher the
accumulation of runoff in a pixel the more vulnerable
the pixel is to groundwater pollution. A simple RUN-
OFF analysis accumulates rainfall on a per pixel basis as
if one unit of rainfall was dropped on every location. In
our case, the mean annual precipitation data from 82
gaging stations scattered all over the study area, for the
time period 1966–2001, was incorporated in the routine.
Besides providing a DEM, the routine has been en-
hanced with a permeability image (Fig. 4c), in order to

Fig. 4 (Contd.)
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account for soil permeability and accordingly adjust the
accumulated rainfall (Fig. 4d) (Eastman 2003).

A monotonically increasing sigmoidal fuzzy mem-
bership function was applied to transform runoff
accumulation to a 0–255 scale. The control points

were 600, where function membership becomes 0, and
35,000 mm/year, where function membership becomes
1. The value of 35,000 mm/year, after multiplication
by the pixel size, i.e., 3,600 m2, corresponds to an
average discharge of 345 m3/day. The first and the

Fig. 5 a Concentrated and non-concentrated land uses. b Location profile around concentrated activities
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second control points were selected after imposing a
quantiles classification scheme and placing an equal
number of pixels into each class. The end point of the
first class, i.e., 600 mm/year (approximately 5% of the
study area), and the starting point of the last class,
i.e., 35,000 mm/year (basin outlets) (upper 5% of the
study area), were defined as control points 1 and 2,
respectively, for the sigmoidal fuzzy function. Pixels
with accumulated runoff values lower than 600 mm/
year and higher than 35,000 mm/year were considered
equally vulnerable to the first and second control
points and received a function membership value of 0
(lowest vulnerability) and 1 (highest vulnerability),
respectively.

Factor 5: non-concentrated land uses

This factor includes all types of land uses that, unlike
industrial land uses, cover a wide range of the study
area. The following six discrete land use categories are
introduced in the calculation process: dense forests,
sparse forests, grasslands, water bodies, agricultural and
urban (Fig. 5a). As in the case of aquifer type factor,
rescaling categorical data such as land uses requires
giving a rating to each category, based on some
knowledge (Eastman 2003), according to their relative
groundwater vulnerability. On the continuous 0–255
scale, a vulnerability rating of 255 has been assigned to
agricultural and urban land uses, since they are consid-

Fig. 6 Proximity to: (a) major rivers and (b) highways and railway in the study area
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ered to be equally polluting land uses, worse than any
other non-concentrated human activity as far as
groundwater pollution is concerned. A rating of 150 was
assigned to the grasslands where most of the livestock
farming takes place. A value of 30 has been assigned to
sparse forests and 0 to dense forests and to water bodies
(the least groundwater vulnerable areas as far as land
uses are concerned).

Factor 6: proximity to concentrated land uses

Concentrated land uses include human activities, which
may result in groundwater pollution if no protective
measures are taken. The following major concentrated

human activities are distinguished in the study area:
landfills, industrial areas, airports, oil tanks, ports, salt
works and pumping stations for irrigation returns
(Fig. 5a). Facilities such as gas stations, septic tanks and
wastewater treatment units are considered to be part of
the urban net and are not examined within this factor.
All the above activities are not supposed to have the
same degree of vulnerability, i.e., landfill leachates are
far more polluting than pumping stations for irrigation
returns. An importance weight for each of the above
activities has been assigned as follows: landfills 1,000;
industrial areas 750; and ports, airports, oil tanks, salt
works and irrigation return pumping stations 500. A
location profile has been created, representing the

Fig. 7 a Radius of influence of residential areas according to population distribution. b Environmentally protected areas
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average distance to a series of points from anywhere
within a map area (Northwood Technologies Inc 2001)
(Fig. 5b). The algorithm generates a grid where, at each
cell, a value is calculated that represents the weighted
average distance to all point locations surrounding that
cell, according to the relative importance weight of each
point lying within a defined search radius. In the present
study, a search radius of 2,000 m has been applied as it
approximately corresponds to a 5-year travel time dis-
tance, taking an average groundwater velocity of
approximately 1.1 m/day (Wyssling 1979), and is sup-
posed to be the maximum radius of influence for all the
above-mentioned activities.

A monotonically decreasing sigmoidal fuzzy mem-
bership function was applied in order to transform the
calculated distances to a continuous set of values rang-
ing from 0 to 255. The control points were 0, where
function membership becomes 1, and 2,000, where
function membership becomes 0. Distances greater than
2,000 m from concentrated activities are considered to
have the same function membership value of 0, since
points at those distances are not expected to be vulner-
able to groundwater pollution due to these activities.

Factor 7: proximity to major rivers

Each river is a potential final receiver of treated or even
untreated wastewater; hence, aquifers close to river beds,
and especially those that are hydraulically connected to
them, are expected to receive part of the pollutants of
wastewaters. In the present study, distances to major
rivers were calculated and transformed to a 0–255 scale,
using a monotonically decreasing sigmoidal fuzzy
membership function. Different control points were used
for the three main rivers of the study area (Nestos, Evros
and Ardas), which are evidently hydraulically connected
to the underlying aquifers (Vergis 2000; Papadopoulos
and Romaidis 2002), and for those rivers of less
importance where there was no evidence of hydraulic
connection to the adjacent aquifers. In that way, the
control points for the first river category were 0, where
function membership becomes 1, and 1,000 m, where
function membership becomes 0. Distances greater than
1,000 m from river beds are considered to have the same
function membership value of 0. In the same way, con-
trol points for the second river category were 0, where
function membership becomes 1, and 500 m, where
function membership becomes 0 (Fig. 6a).

Factor 8: proximity to residential areas

While analyzing the non-concentrated land use factor, a
land use category has been the urban one. Besides the
presence of an urban center, groundwater vulnerability

to pollution is also influenced by the number of inhab-
itants as well as by the distance to any potential aquifer.
These are two parameters that were not incorporated in
the land use factor. A zone of influence around each city,
town and human settlement has been created, with the
radius proportional to their inhabitants, according to
the 2001 census data provided by the National Statistical
Service of Greece (Fig. 7a). Each zone of influence has
been assigned the value of the town population; thus,
urban areas with a higher population are considered to
have influence in greater distances and to a higher ex-
tent.

A monotonically increasing sigmoidal fuzzy mem-
bership function was used to convert data to a 0–255
scale, i.e., the vulnerability of groundwater to pollution
increases proportionally to the population. The control
points were set to 56,000 (the city with the highest
population in the study area), where the fuzzy mem-
bership function becomes 1, and 0, where fuzzy mem-
bership function becomes 0, i.e., groundwater
vulnerability is diminished in areas with no population
present.

Factor 9: areas protected by national law
or international environmental treaties

The study area contains wetlands of international
interest, such as the delta of the river Evros, the delta of
the river Nestos and the lakes Vistonida and Ismarida.
Several areas belong to the European network Natura
2000 (Dafis et al. 1997) or to National Parks (Greek
Ministry of Environment, Physical Planning and Public
Works 1986, 1996, Pavlikakis and Tsihrintzis, 2005) and
should be protected according to the Greek law, EU
conservation policies or international treaties, such as
the Ramsar Convention of 1971 (Fig. 7b). Most indus-
trial and agricultural activities are prohibited in these
areas; thus, the presence of such protected regions can be
considered as a protective factor to groundwater pollu-
tion. In this case, two distinct categories were assigned:
the first category includes all areas that belong to Na-
tional Parks, Natura 2000 sites, National Forests and
other protected regions, and received a value of 0 (least
vulnerability to pollution), whereas all other areas re-
ceived a value of 255 for this particular factor.

Factor 10: proximity to highways and railways

Highways and train railways are the main routes of
transport for harmful chemicals and are potential
sources of groundwater pollution, in case of an accident.
Thus, a zone of influence of 500 m was created for
highways and railways of the study area (Fig. 6b). A
monotonically decreasing sigmoidal fuzzy membership
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was applied to transform distances to the 0–255 scale.
The control points were set to 0 (highest vulnerability),
where the membership function equals 1, and 500 (the
distance of influence in case an accident occurs), where
the fuzzy membership function becomes 0.

Factor group 3: assignment of aquifer vulnerability
related to the presence of local geological conditions

Factor group 3 comprises two factors related to the
presence of particular geological conditions that locally
influence the aquifer system. These factors are the
presence of geothermal fields and the presence of salt
water intrusion zones, which are two common features
in the study area (Fig. 8).

Factor 11: presence of geothermal fields

Several geothermal fields are present in the study area,
influencing both the temperature and chemistry of
groundwater (Fig. 8a). Known geothermal fields were
delineated and received a value of 255, whereas a zone of
influence of 500 m around each known geothermal
borehole or spring has been created. A monotonically
decreasing sigmoidal fuzzy membership function was
applied in order to transform the distances away from
geothermal boreholes or springs to a continuous set of
values ranging from 0 to 255. The control points were set
to 0, where function membership becomes 1 (highest
vulnerability), and 500, where function membership
becomes 0 and groundwater vulnerability is diminished
and becomes independent of distance.

Factor 12: presence of salt water intrusion zones

In areas close to the coast andwhere geological conditions
are favorable, salt water intrusion has been detected at
distances even 10 km away from the coast. Areas of salt
intrusion were delineated in the study area, according to
borehole data (Petalas 1997) (Fig. 8b). However, the
influence of salt intrusion is considered to diminish pro-
portionally to the distance from the coast; thus, a
monotonically decreasing sigmoidal fuzzy membership
function was applied, with control points set to 0 (coast-
line, highest groundwater vulnerability), where the func-
tion becomes 1, and 10 km away from the coast (lowest
groundwater vulnerability), where function membership
becomes 0 and groundwater vulnerability is diminished
and becomes independent of the distance from the coast.

Aggregation procedure and results

After standardizing all factors to a common 0–255 scale,
using fuzzy membership functions, factor weights were

given to all factors in each group. The weights indicate a
factor’s importance, relative to all other factors, and they
control how factors compensate for each other. In other
words, the degree to which a factor compensates for an-
other is determined through its factor weight. In the case
of determining groundwater vulnerability to pollution,
factors with low groundwater vulnerability to pollution in
a given location can compensate for other factors with
high groundwater vulnerability in the same location.

Factor weights sum to 1 for each factor group the
project has been divided into. Several techniques exist
for assigning factor weights. The simplest one could be
the division of 1 into the number of factors in each
factor group. However, the weights produced with this
procedure are not often realistic. A more efficient way of
producing factor weights is the AHP (Saaty 1977; Pav-
likakis and Tsihrintzis 2000; 2003), which was first
introduced into the GIS by Rao et al. (1991). In the
present study, AHP has been implemented applying the
module WEIGHT, incorporated in the raster GIS pro-
gram Idrisi Kilimanjaro (Eastman 2003). In this module,
each pair of factors in a particular factor group is
examined at a time, in terms of their relative importance
(Table. 2, 3, 4, 5). After all possible combinations of two
factors, the module calculates a set of weights that sum
to 1 and a CR. This ratio indicates any inconsistencies
that may have been made during the pairwise compari-
son process, i.e., the probability that factor weights have
been assigned quite randomly (Eastman 2003). A CR
greater than 0.10 indicates that factor weights should be
re-evaluated (Saaty 1977).

In order to combine information from various factors
in each factor group, an aggregation procedure should
be applied. The most commonly used vulnerability
assessment methods, like DRASTIC, apply an aggre-
gation technique known as the weighted linear combi-
nation (Voogd 1983), where factor scores are multiplied
by their factor weight and then summed to yield the
vulnerability score:

S ¼
X

wixi; ð2Þ

where S is the vulnerability score, wi is the weight of
factor i and xi is the score of factor i.

However, applying the same factor weights in an ex-
tended area involves the risk of underestimating local
particularities, i.e., salt water intrusion may be a factor of
low or no importance for most of the study area, but a
crucial factor for groundwater vulnerability in the coastal
zones. Honoring the local characteristics of the system,
while examining data at the regional scale, is achieved by
the distinction of factors into three factor groups and by
applying a second set of weights in each factor group,
known as the order weights. This second set of weights
controls the manner in which the weighted factors are
aggregated (Yager 1988; Eastman and Jiang 1996).
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After factor weights are applied to the original factors,
the results are ranked from low to high groundwater
vulnerability to pollution for each location. The factor
with the lowest vulnerability score is then given the first
order weight, the factor with the next higher vulnerability
score is given the second order weight and so on. This has
the effect of weighting factors based on their rank from
minimum (lowest vulnerability) to maximum (highest
vulnerability) value for each location. The relative skew
toward either minimumormaximum of the order weights
controls the level of risk in the evaluation (Eastman
2003). Additionally, the degree to which the order
weights are evenly distributed across all positions con-
trols the degree to which factor weights have influence.
The procedure is repeated once for each group of factors,
resulting in three intermediate vulnerability maps. The
final vulnerability map is produced by aggregating the
intermediate results using the same procedure.

Weighting and aggregating factor group 1: The factor
weights assigned in factor group 1 are shown in Table 2.

The following order weights were assigned in factor
group 1:

The assigned order weights show a moderate level of
risk. Skew toward the factor with the higher vulnerability
score shows a strict decision. The intermediate intrinsic
aquifer vulnerability map is presented in Fig. 10a.

Weighting and aggregating factor group 2: The factor
weights assigned in factor group 2 are shown in Table 3.

The following order weights were assigned in factor
group 2:

The assigned order weights show a moderate level of
risk and a strict decision (the three factors with the
highest score share 50% of the weight, while all the rest
are equally weighted). Figure 10b presents the ground-
water vulnerability to pollution based on factor group 2.

Weighting and aggregating factor group 3: The fol-
lowing factor weights were assigned in factor group 3:

Presence of geothermal fields: 0.5; presence of salt
water intrusion zones: 0.5 (factors are equally weighted).
The following order weights were assigned in factor
group 3:

The assigned order weights show a moderate level of
risk. Skew toward the factor with the higher vulnera-
bility score shows a strict decision. Figure 10c shows the
groundwater vulnerability based on factor group 3.

Weighting and aggregating intermediate results:
Intermediate results were aggregated in order to produce
the final groundwater vulnerability map. Two aggrega-
tion procedures were performed that resulted in two
groundwater vulnerability to pollution maps for the
study area. The intermediate vulnerability maps, which
resulted from the three previously examined groups,
were used as factors in these final aggregation processes.
Groundwater vulnerability results were grouped in five
distinct classes, as shown in Table 6 (columns 3 and 4)
and Figs. 9 and 10d.

A first aggregation procedure, without fitting the
calculated values to observed ones, was attempted using
equal weights for factor groups 1 and 2, and skewing the
order weights toward the factor group that shows the
greatest vulnerability score. In that way, the factor
weights and order weights used in this first aggregation
are shown in Table 4.

The following order weights were assigned:

The produced vulnerability map is presented in
Fig. 10d and in percentages in column 3 of Table 6.

In the second aggregation, an attempt was made to
calibrate the aggregation procedure by comparing it
with measured groundwater nitrate concentration data
from 141 boreholes in the northeast part of the study
area, which consists of alluvial aquifers (Papadopoulos
and Romaidis 2002). Rather than examining the
accurate estimations of nitrate concentrations, the

Table 2 Pairwise comparison matrix for factor group 1

Aquifer
type

Hydraulic
conductivity

Depth to
water

Calculated
factor weights

Aquifer type 1 5 3 0.6370
Hydraulic
conductivity

1/5 1 1/3 0.1047

Depth to water 1/3 3 1 0.2583

9 relative to the column variable, the row variable is extremely
more important, 7 relative to the column variable, the row variable
is very strongly more important, 5 relative to the column variable,
the row variable is strongly more important, 3 relative to the col-
umn variable, the row variable is moderately more important, 1
relative to the column variable, the row variable is equally
important, 1/3 relative to the column variable, the row variable is
moderately less important, 1/5 relative to the column variable, the
row variable is strongly less important, 1/7 relative to the column
variable, the row variable is very strongly less important, 1/9 rel-
ative to the column variable, the row variable is extremely less
important, consistency ratio 0.03 (<0.1 acceptable)

Order weights: 0.2 0.3 0.5
Rank: 1st 2nd 3rd

Order weights: 0.1 0.1 0.1 0.1 0.15 0.2 0.25
Rank: 1st 2nd 3rd 4th 5th 6th 7th

Order weights: 0.4 0.6
Rank: 1st 2nd

Order weights: 0.2 0.3 0.5
Rank: 1st 2nd 3rd
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comparison focused on the likelihood of a location being
classified as contaminated (Dixon 2005). The categories
were chosen to indicate a low anthropogenic effect
(<0.5 mg/l), moderate effect (0.5–3 mg/l), moderately
high effect (3–10 mg/l), high effect (10–50 mg/l) and very
high anthropogenic effect (>50 mg/l) (Fig. 9). Results
show a best fit when factor group 1, i.e., factors related
to the hydraulic parameters of the internal aquifer sys-
tem, takes most of the weight. The factor weights as-
signed in the final aggregation are shown in Table 5.

The following order weights were assigned:

The assigned order weights show a low level of risk.
Aggregation is clearly skewed toward the factor with the
highest vulnerability score.

A coincidence report was generated between well
contamination data and the composite groundwater
vulnerability map, created after integrating GIS, fuzzy
logic and multicriteria evaluation methods (Fig. 9). In
this report it is demonstrated that 82 wells, from the 141
tested wells, were categorized in the correct groundwater
vulnerability class (those located on the diagonal of
Table 7); four wells were categorized in one vulnerability
class higher than the observed class (those located below
the diagonal of Table 7); 41 wells were categorized in
one vulnerability class lower than the observed (those
located above the diagonal of Table 7); 11 wells were
classified in two vulnerability classes lower and three
wells were categorized in three classes lower.

Discussion

In the present study a methodology for assessing
groundwater vulnerability to pollution at the regional
scale has been developed, which takes into account
parameters related to intrinsic aquifer properties, the
external stresses and local geological conditions.

A critical issue is the standardization of factors and,
specifically, the selection of function control points
(inflection points) of the fuzzy membership function,
which is based on an understanding of the criterion. As
far as distances are concerned, inflection points are lo-
cated at zero distance, up to the distance where the effect
of activity under consideration on groundwater is
diminished. In the case of factors of broad value range,
such as runoff accumulation, a quantiles classification
scheme was applied, placing an equal number of pixels
into each class and control points were located at the
end of the first class and the starting point of the last
class (approximately upper and lower 5% of the study
area).

Factor weights were assigned to the 12 factors in-
volved in the calculation process. It is clear that the
assignment of factor weights is based on previous
knowledge of the aquifer’s characteristics and the par-
ticularities of the study area, as well as on the experience
of the scientists involved in the weight assignment pro-
cess. It was attempted to develop a weight assigning
process, which would be as objective as possible, by

Order weights: 0.1 0.4 0.5
Rank: 1st 2nd 3rd

Table 3 Pairwise comparison matrix for factor group 2

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Calculated weights

Factor 1 1 3 5 3 5 3 7 0.3606
Factor 2 1/3 1 3 1 3 1 5 0.1541
Factor 3 1/5 1/3 1 1/3 1/3 1/3 3 0.0546
Factor 4 1/3 1 3 1 5 1 5 0.1739
Factor 5 1/5 1/3 3 1/5 1 1/3 3 0.0728
Factor 6 1/3 1 3 1 3 1 5 0.1541
Factor 7 1/7 1/5 1/3 1/5 1/3 1/5 1 0.0299

Factor 1 surface runoff accumulation, factor 2 non-concentrated
land uses, factor 3 areas protected by national law or international
environmental treaties, factor 4 proximity to concentrated land

uses, factor 5 proximity to residential areas, factor 6 proximity to
major rivers, factor 7 proximity to highways and railways, consis-
tency ratio 0.05 (acceptable)

Table 4 Pairwise comparison matrix for the final aggregation
procedure

Factor
group 1

Factor
group 2

Factor
group 3

Calculated
factor weights

Factor group 1 1 1 3 0.4286
Factor group 2 1 1 3 0.4286
Factor group 3 1/3 1/3 1 0.1429

Consistency ratio = 0.00 (best)

Table 5 Pairwise comparison matrix for the final aggregation
procedure after calibration with measured data

Factor
group 1

Factor
group 2

Factor
group 3

Calculated
factor weights

Factor group 1 1 5 7 0.7306
Factor group 2 1/5 1 3 0.1884
Factor group 3 1/7 1/3 1 0.0810

Consistency ratio = 0.06 (<0.1 acceptable)
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Table 6 Distinct groundwater vulnerability categories in the study area

Groundwater
vulnerability index

Vulnerability
class

Percentage of the study area falling in the groundwater vulnerability class

Before calibration with measured data After calibration with measured data

0–50 Low 22 11
50–100 Moderate 28 35
100–150 Moderately high 34 31
150–200 High 15 21
200–255 Very high 1 2

Fig. 8 Factors of local geological conditions: (a) presence of a geothermal field and (b) presence of a saltwater intrusion zone
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applying techniques like the AHP and the order weighted
averaging. A best fit to the measured nitrate concentra-
tion data in a sub-region of the study area is achieved
only when factors related to intrinsic aquifer character-
istics were assigned most of the weight. This is due to the
fact that, in the tested area, agricultural land uses prevail,
polluting the associated aquifers with related pollutants.

The main factor that differentiates contamination
throughout this region is hydraulic conductivity, which is
particularly low in the eastern part of this region, thus
leading to lower nitrate concentrations in groundwater.

Another interesting aspect of the study is the fact that
areas considered to be the most vulnerable ones, espe-
cially karst aquifers in the western part of the study area,

Table 7 Coincidence of wells with five contamination levels and vulnerability classes as estimated by the presented methodology

Model Concentration of nitrate in groundwater (mg/l)

Low (<0.5) Moderate (0.5–3) Moderately high (3–10) High (10–50) Very high (>50)

Low 13 6 4 3
Moderate 3 11 10 2
Moderately high 1 20 23 5
High 36 2
Very high 2

Fig. 9 Composite groundwater vulnerability map fitted to observed nitrate concentrations in groundwater
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do not demonstrate contamination of their groundwa-
ter. Having in mind that groundwater vulnerability to
pollution is a relative, non-measurable property (Gogu
and Dassargues 2000) and that it only shows the likeli-
hood or risk for contaminants to reach the groundwater
system after introduction at some location above the
uppermost aquifer (National Research Council 1993;
Bekesi and McConchie 2002), one should be careful
when trying a comparison between the observed and the

estimated contamination of groundwater, especially in
areas with contradictory properties. In addition, trying
to calibrate parameters in the calculation process, such
as factor weights, might lead to serious misinterpreta-
tions, especially in areas with high estimated ground-
water vulnerability, where little or no contamination has
been detected.

The presented work, in both aggregations used, cat-
egorizes almost 60% of the study area to moderate and

Fig. 10 Intermediate and composite groundwater vulnerability maps: (a) produced analyzing factor group 1; (b) produced analyzing
factor group 2; (c) produced analyzing factor group 3 and (d) composite groundwater vulnerability map produced aggregating the three
intermediate vulnerability maps
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moderately high vulnerability classes. From this point of
view the presented methodology is closer to the
DRASTIC method (Aller et al. 1987) based on the
comparison presented by Gogu et al. (2003). Neverthe-
less, DRASTIC and EPIK methods classify limestone
aquifers to moderate vulnerability (Gogu et al. 2003),
whereas the presented methodology assess them to high
vulnerability like the German method (Von Hoyer and
Sofner 1998).

Besides the differences that all the above-mentioned
methods present, it is true that the choice of the vul-

nerability method is still a subjective decision that is
restricted by the available information concerning
aquifer systems. Many problems and inefficiencies are
expected to be overcome when the groundwater vul-
nerability assignment process is coupled with ground-
water flow and transport modeling, and the results are
subject to correlation with observed contamination
data. It is true, though, that coupling with groundwater
modeling techniques is almost impossible at the re-
gional scale, especially when karst aquifers are in-
volved. However, results provided by groundwater

Fig. 10 (Contd.)
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vulnerability to pollution estimation at the regional
scale, with the methodology outlined in the present
study, are very useful for the future citing of human
activities, urban development and water resources
management, as well as for highlighting areas of par-
ticular interest, where coupling with groundwater
modeling, at a finer scale, could offer a better under-
standing of the aquifer system.

Conclusions

In the present study, GIS was coupled with fuzzy logic
and multicriteria evaluation techniques in order to assess
groundwater vulnerability to pollution. Twelve factors
were analyzed in the computation process, categorized
into three main groups. Three intermediate groundwater
vulnerability maps to pollution were produced that way
and were combined in two ways, in order to produce the
composite groundwater vulnerability map. In the first

attempt, the resulted map was not fitted to observed
groundwater contamination data. A second aggregation
procedure, by fitting the calculated results to measured
groundwater contamination data, did not produce
importantly different results, indicating that the meth-
odology is moderately sensitive to the assignment of
factor weights and the aggregation procedure used. It is
concluded, thus, that the applied process produces fairly
objective results, a fact merely attributed to three main
advantages of the presented methodology: the distinction
of factors into three groups, the standardization of fac-
tors to a common scale and the application of the AHP
while assigning factor weights. The application of order
weights serves to highlight local particularities, making
the method particularly efficient while analyzing data at
the regional scale, where many aquifer types are present.
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