
ORIGINAL PAPER

A combined methodology to assess the intrinsic vulnerability
of aquifers to pollution from agrochemicals

Vassilis G. Aschonitis1 & Giuseppe Castaldelli1 & Nicolò Colombani2 & Micòl Mastrocicco3

Received: 25 November 2015 /Accepted: 26 May 2016 /Published online: 4 June 2016
# Saudi Society for Geosciences 2016

Abstract The groundwater vulnerability indices are valuable
tools for the development of agrochemicals management strat-
egies based on environmental/agricultural policies. The
groundwater vulnerability methods of LOS, SINTACS,
DRASTIC, Pesticide DRASTIC, GOD and AVI were applied
for the agricultural fields of Sarigkiol basin (Northern Greece).
The results of the aforementioned methods were examined
and discussed in order to show how the dissimilarities in the
vulnerability assessment approaches may become an advan-
tage. The results of the methods were used to propose a com-
bined conceptual approach which adds another two dimen-
sions (depth and time) in the current two-dimensional vulner-
ability mapping (longitude, latitude) procedures. The LOS
method provided information about the intrinsic vulnerability
of the topsoil (30 cm) to water (+conservative pollutants) and
nitrogen losses, and the AVI method described the vulnerabil-
ity of the unsaturated zone to allow pollutants to reach the
aquifer while the aquifer vulnerability was analysed using
SINTACS, DRASTIC, Pesticide DRASTIC and GOD. In this
study, the results of the SINTACS method were found more

accurate to describe the local aquifer conditions. The final
conceptual approach provided a stratified vulnerability (di-
mension of depth) of the overall hydrogeologic system using
LOS for the topsoil, AVI for unsaturated zone and SINTACS
for the aquifer. The dimension of time was introduced by the
LOS and AVI methods, which provide quantitative results in
time. The use of LOS method also highlighted the basic lim-
itation of the other methods to describe the potential contribu-
tion to pollution of areas (especially upland areas) which are
out of the aquifer boundaries.
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Introduction

Groundwater as a source of water supply, ecological asset and
geological agent is of great importance and has drawn a grow-
ing attention in order to meet the increasing demand of water
resources due to fast demographic growth, accelerated urban-
ization, economic and agricultural activity diversification/
intensification and increase of per capita consumption
(Bouwer 1997; de Marsily 2003; Salemi et al. 2011; Winter
et al. 2013). However, groundwater quality is affected by seri-
ous factors mostly associated to pollution due to human activ-
ities (Morris et al. 2003). Treatment of groundwater pollution
is expensive and time consuming, so groundwater vulnerabil-
ity assessment is a useful tool for building best management
practices for groundwater pollution prevention. Groundwater
vulnerability is classified into intrinsic vulnerability and spe-
cific vulnerability: the former is defined as the ease with which
a contaminant introduced into the ground surface can reach
and diffuse into groundwater taking into account the inherent
geological, hydrological and hydrogeological characteristics
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but being independent of the nature of contaminants; the latter
is used to define the vulnerability of groundwater to particular
contaminants (Gogu and Dassargues 2000). The use of nitro-
gen (N) fertilizers in agricultural fields represents one of the
most important non-point sources of pollutants (Puckett et al.
2011; Tesoriero et al. 2013). Excess of N from agricultural soils
is a function of the physico-chemical soil properties, topogra-
phy, water supply from irrigation and precipitation, climate and
agronomic practices and represents a serious threat for shallow
aquifers due to the leaching of nitrates (NO3

−) trough the un-
saturated zone. A large part of farmed areas is affected by
NO3

− pollution since decades (Galloway et al. 2008) and allu-
vial plains are usually the most impacted zones by agricultural
pollution and especially by NO3

− contamination (Castaldelli
et al. 2013; Mastrocicco et al. 2011; Voudouris 2006).
Existing methods to assess groundwater vulnerability include
the following: (i) process-based mathematical models dealing
with the water movement and the transport and transforma-
tions of dissolved compounds through the soil profile, such
as GLEAMS (Knisel and Davis 2000) and HYDRUS
(Šimůnek et al. 2008); (ii) process-based models combined
with GIS, such as NLEAP (Shaffer et al. 1991), NITS-
SHETRAN (Birkinshaw and Ewen 2000), AgriFlux-IDRISI
GIS (Lasserre et al. 1999), DAISY-MIKE SHE (Refsgaard
et al. 1999) and GIS NIT-1 (De Paz et al. 2009), which are
used to predict the spatial and temporal distribution of NO3

−

leaching and to assess NO3
− contamination in groundwater at

regional scale but are limited by the large number of data
required to describe the groundwater properties; (iii) overlay
indices methods based on ratings and weights, such as
DRASTIC (Aller et al. 1987; Neshat et al. 2014), GOD
(Foster 1987), AVI (Van Stempvoort et al. 1992), SINTACS
(Civita and De Maio 1997), COP (Zwahlen 2003) and
MERLIN (Aveline et al. 2009) that can be easily applied at
regional scale via GIS because they require few and more
accessible climatic, topographical, soil and geological data;
(iv) probabilistic-stochastic methods (Neshat and Pradhan
2015a, b; Neshat et al. 2015) that recently have introduced
analysis on the uncertainty in vulnerability and risk mapping
and (v) combined methods, such as LOS indices (Aschonitis
et al. 2012, 2013, 2014), which have been calibrated via re-
gression analysis based on the results of the deterministic
GLEAMS model. Some of the most popular vulnerability in-
dices and their general characteristics are given in Table 1.

In view of the above-mentioned literature, there is still a
need of easy to use (not requiring extensive model calibration)
and flexible methodologies to assess the intrinsic vulnerability
of groundwater resources. The aim of the study is to propose
an integrated approach for vulnerability assessment combin-
ing indices of low data requirements which can describe sep-
arately the vulnerability of the topsoil, of the unsaturated zone
and of the aquifer system. The separate analysis and combi-
nation of the three aforementioned compartments can provide

a more robust and detailed description of the response of
hydrogeological systems to pollution. This attempt aims to
change the current perspective of the vulnerability maps from
two-dimensional visualization (latitude, longitude) to four-
dimensional by adding the dimensions of depth and time.

Study site

Sarigkiol basin (Western Macedonia, GR) covers an area of
469 km2 characterized by a semi-arid Mediterranean climate.
The mean annual temperature in the region is 11.3 °C while
the monthly variation of precipitation presents a bimodal pat-
tern (two peaks, one in autumn and one in spring) with a total
annual value of 640 mm.

The min, max and mean altitude of the basin are 640, 1796
and 952m a.s.l. (Fig. 1a) and the min, max andmean slope are
0, 116.5 and 18 %, respectively. The alluvial deposits in the
centre of the basin host an unconfined aquifer superimposed
on confined or semi-confined aquifers, covering an area of
approximately 60 km2. The depth of the water table ranges
from 7 to 75 m b.g.l. Despite the documented heterogeneities,
the aquifer can be considered uniform at the watershed scale
(Voudouris 2006). The most important activities in the basin
are lignite mining, agricultural exploitation of the lowland
region and livestock-farming on the fringes of the mountains.
The basin is covered by agricultural land (32.7 %), forests and
semi natural areas (56.9 % km2) and urban or artificial sur-
faces (10.4 %) (Fig. 1b). Agricultural fields exhibit three main
domains: non-irrigated arable land (9318.7 ha), permanently
irrigated land (5207.0 ha) and pastures (804.9 ha) (Fig. 1c).
Irrigation takes place mainly through private drillings and in
some cases by pumping from the Soulou stream and the
draining channels. The crop distribution is the following:
61.45 % hard wheat, 6.56 % soft wheat, 6.28 % barley,
9.89 % sugar beet, 8.96 % maize, 1.25 % potatoes, 0.38 %
oat and 5.25 % pastures.

Methods

LOS method

The LOS approach (Aschonitis et al. 2012) is based on two
different indices, LOSW-P and LOSN-PN, that estimate the
annual water and N losses beneath the top 30 cm of the soil
profile, respectively. The LOSW-P also describes the vulner-
ability of conservative pollutant losses. The methodology was
calibrated for temperate climates using climatic data observed
at four stations located in Sindos (Greece-Thessaloniki prov-
ince), Mirabello (Italy-Emilia Romagna province), Allardt
(USA-Tennessee state) and Oakland (USA-Iowa state). The
general form for LOSW-P and LOSN-PN was developed
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using multiple regression analysis based on the results of var-
ious scenarios implemented with the GLEAMS model.
Results from 384 simulation scenarios, combining different
soil properties, topography and climatic conditions of a refer-
ence field-crop, were used as “observed values” for the

calibration of the LOS method for water and N losses.
Simulations were performed under a uniform reference square
area of 1 ha with homogeneous soil profile cropped with pe-
rennial grass, the same N fertilization (including specific rates
of ammonia and nitrate nitrogen from industrial fertilizers and

Table 1 General attributes of the most popular vulnerability indices

Vulnerability index Unit Climate Aquifer media Topography Pollutant type Time Human interventions Result

DRASTIC R AR Yes Yes C No No QL

Pesticide DRASTIC R AR Yes Yes Non-C No Irrigation and pesticides QL

LOSW V PCP, PE, T No Yes C Yes Irrigation QL-QN

LOSN V PCP, PE, T No Yes Non-C Yes Irrigation and nitrogen QL-QN

COP R PCP Yes Slope of sink C No No QL

GOD R No No No C No No QL

EPIK R Water storage No Slope of sink C No No QL

SINTACS R AR Yes Yes C No No QL

AVI V no No No C Yes No QN

R ratings, V values, QL qualitative, QN quantitative, C conservative, AR aquifer recharge, PCP precipitation, PE potential evapotranspiration, T
temperature

Fig. 1 a Altitude, b main land
uses and c sub-categories of
agricultural areas of Sarigkiol
basin
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manure) and two cases of irrigation conditions: (a) no irriga-
tion and (b) automatic irrigation keeping soil moisture at field
capacity (Aschonitis et al. 2012). The equations for estimating
the LOSW-P and LOSN-PN indices are the following:
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where LOSW-P is the amount of water losses beneath the top
30 cm of the soil profile (mm year−1), LOSN-PN is the amount
of nitrogen losses beneath the top 30 cm of the soil profile
(kg ha−1 year−1),Ks is hydraulic conductivity (mm day−1), S is
the surface slope (%), PCP is the total annual precipitation
(mm year−1), PE is the total annual potential evapotranspira-
tion (mm year−1), IR is the total annual irrigation amount
(mm year−1), OM is the organic matter (%) and T is the mean
annual temperature (°C),

In Eqs. 1 and 2, the positive values of regression coefficients
indicate an increase in water and nitrate percolation, while
negative values of regression coefficients indicate a decrease
in water and nitrate percolation. For instance, the positive
values of the Ks and PCP regression coefficients for LOSW-
P and LOSN-PN indicate an increase in both water and nitrate
percolation due to higher water and N leaching with increasing
Ks andPCP; the negative coefficient of S in both LOSW-P and
LOSN-PN indicates that higher slope reduces the available
water for percolation due to runoff increase; the negative coef-
ficient of PE in both LOSW-P and LOSN-PN indicates that
higher potential evapotranspiration reduces the available water
for percolation and consequently N leaching; the IR coefficient
is positive in LOSW-P because irrigation increases water per-
colation while it is negative in LOSN-PN because it reduces
nitrification and consequently the available nitrates for
leaching; the negative value of the OM regression coefficient
for LOSN-PN indicates a decrease in nitrate leaching due to
nitrate reduction via heterotrophic denitrification processes,
while the positive coefficient of T indicates the increase of
available nitrates for leaching due to the increase of nitrifica-
tion due to temperature increase. The results of the method are
comparable among different regions while the set of LOS in-
dices has been expanded to describe also the water and N
losses from runoff and other intrinsic rates of N cycle

components such as denitrification, ammonia volatilization,
nitrification and mineralization (Aschonitis et al. 2012, 2013).

SINTACS method

SINTACS was established for hydrogeological, climatic and
impacts settings typical of the Mediterranean countries (Civita
and De Maio 2004). The acronym SINTACS stands for the
seven parameters included in the method: Soggiacenza (depth
to water), Infiltrazione efficace (recharge), Non-saturo (va-
dose zone), Tipologia della copertura (soil cover), Acquifero
(aquifer), Conducibilità idraulica (hydraulic conductivity) and
Supeficie topografica (slope of topographic surface). The rat-
ing assigned to each parameter must be multiplied by a weight
(Table 2) to describe the environmental impact or the particu-
lar hydrogeological conditions. The form of the Eq. 3 is the
following:

ISINTACS ¼
X

7

J¼1

PJW J ð3Þ

where PJ is the rating of each parameter and WJ is the
corresponding weight. The ratings PJ are obtained from
nomographs provided by Civita and De Maio (2004) (see
Supplementary Material Fig. S.1).

DRASTIC and Pesticide DRASTIC methods

DRASTIC is an empirical method developed by US EPA to
evaluate the potential pollution of groundwater systems on a
regional scale (Aller et al. 1987). The acronym DRASTIC
standsfor theparameters includedin themethod:Depth towater
(D), net Recharge (R), Aquifer media (A), Soil media (S),
Topography (T), Impact of vadose zone (I) and hydraulic
Conductivity of the aquifer (C). Thismethod includes two ver-
sions: the generic DRASTIC for inorganic pollutants and the
Pesticide DRASTIC. Each parameter is assigned a weight
based upon its relative significance in the potential pollution.

Table 2 Strings of multiplier weights given for SINTACS R5 (from
Civita and De Maio 2004)

Parameter Normal
impact

Severe
impact

Seepage Karst Fissured Nitrate

S 5 5 4 2 3 5

I 4 5 4 5 3 5

N 5 4 4 1 3 4

T 3 5 5 3 4 5

A 3 3 2 5 4 2

C 3 2 2 5 5 2

S 3 2 5 5 4 3
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Each parameter is further assigned a rating for different ranges
of the values. The typical ratings range from 1 to 10 and the
weights from 1 to 5. Two sets of weights, one for general vul-
nerability and another for vulnerability to pesticides, can be
used (Table 3). Pesticide DRASTIC weights were specifically
designed to address the important processes offsetting the fate
and transport ofherbicidesandpesticides in the soil (Wanget al.
2007). The DRASTIC index valuesmeasuring the aquifer vul-
nerabilityvaryfrom23to226 inthegenericversionandfrom26
to 247 in the pesticide version. Both versions indicate four dif-
ferent relative classes of groundwater vulnerability: very low,
low, moderate and high. DRASTIC index is computed imply-
ing linearcombinationsof theproductsof ratingandweights for
each factor:

DRASTIC index ¼ DrDwð Þ þ RrRwð Þ þ ArAwð Þ
þ SrSwð Þ þ TrTwð Þ þ IrIwð Þ
þ CrCwð Þ ð4Þ

where the capital letter indicates the corresponding parameter
and the subscript ‘r’ and ‘w’ refer to the variable rating and
weight, respectively (Aller et al. 1987). The ratings ‘r’ for each
parameter in DRASTIC are provided in Table S.1 of the sup-
plementary material.

GOD method

GOD is an empirical method for the assessment of aquifer
vulnerability to pollution (Foster, 1987). GOD uses three pa-
rameters: (i) G—groundwater occurrence, (ii) O—overlying
lithology and (iii) D—depth to groundwater with specific rat-
ings and no additional weights as in the case of DRASTIC and
SINTACS. GODparameters are estimated based on the graph-
ical nomograph given in Fig. S.2 of the supplementary mate-
rial. The final GOD index is computed by:

I ¼ G� O� D ð5Þ

AVI method

AVI is a measure of groundwater vulnerability based on
two physical parameters (Van Stempvoort et al. 1992):
thickness of each sedimentary layer above the upper-
most saturated aquifer surface (d) and estimated hydrau-
lic conductivity (K) of each sedimentary layer. Based on
d and K, the hydraulic resistance (c) is calculated. c is a
theoretical factor describing the resistance of an aquitard
to vertical flow (Kruseman and Ridder 1990) and has
the dimension of time, indicating the estimated travel
time for water to move downward through the porous
media above the uppermost saturated aquifer surface.
Thus, the weighting of d and K for each sedimentary
layer above the uppermost saturated aquifer surface is
not arbitrary but based on physical theory. The equation
for c is:

c ¼
X n

i¼1

di
Ki

ð6Þ

where n is the number of the sedimentary units above the
aquifer.

Single-parameter effect of weight-rating factors
on DRASTIC and SINTACS methods

For the case of indices which use both weights and ratings
(such as SINTACS, DRASTIC and Pesticide DRASTIC), a
single-parameter analysis was performed, calculating the per-
centage contribution of each factor (Napolitano and Fabbri
1996) to better understand the differences between the
methods. The mean effective contribution of each parameter
was calculated in ArcGIS environment, using the following
equation for each subarea i:

Wpi ¼ PriPwi
vulni

� 100 ð7Þ

where Wpi is the effective contribution expressed in percent
for each parameter, Pri and Pwi are the ratings and the weights
of the parameter P assigned to the subarea i and vulni is the
vulnerability index.

General concept of method combination

The LOS method was selected in order to assess the vul-
nerability of the water (+conservative substances) and ni-
trogen losses beneath the top 30 cm of the soil profile
while the AVI method was used to assess the vulnerability
of the unsaturated zone. In both methods, the calculations
are based on deterministic concepts and thus their results

Table 3 Weights for DRASTIC and Pesticide DRASTIC methods

Parameter DRASTIC Pesticide DRASTIC

Depth to water (D) 5 5

Net recharge (R) 4 4

Aquifer media (A) 3 3

Soil media (S) 2 5

Topography (T) 1 3

Impact of vadose zone (I) 5 4

Hydraulic conductivity (C) 3 2
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are not related to subjective expert judgement. For the
case of aquifer vulnerability, SINTACS, DRASTIC and
Pesticide DRASTIC were analysed using Eq. 7 in order
to examine empirically the validity of the contribution of
their parameters effects taking into account (a) existing
knowledge about the regional characteristics of the aquifer
and (b) the results of LOS and AVI which describe similar
attributes of some parameters incorporated in SINTACS,
DRASTIC and Pesticide DRASTIC. The GOD method is
a very simple and more conservative method with much
lower uncertainty and for this reason its results played a
supportive role for further comparisons with SINTACS,
DRASTIC and Pesticide DRASTIC. For the case of
SINTACS method, the weights of ‘Normal Impact’
(Table 2) were selected based on expert judgement and
after comparing its final values with GOD. The vulnerabil-
ity assessment procedure, for each method, was performed
using ArcGIS 9.3. All the parameters used in the vulnera-
bility indices were arranged in raster format with a regular
grid of 30 × 30 m resolution. At the end, the LOS and AVI
methods were combined with the final selected method for
aquifer vulnerability in order to provide a more robust and
detailed description of the response of the specific
hydrogeological system to pollution, which creates a
four-dimensional perspective of vulnerability by adding
the dimensions of depth and time.

Results and discussion

Figure 2a, b shows the vulnerability of the topsoil to water and
nitrogen losses estimated by the LOSW-P and LOSN-PN,
respectively. LOSW-P map (Fig. 1a) shows that water and
conservative pollutants’ losses are lower in the centre of the
basin and increase moving to the outskirts especially in the
north-eastern region due to the following: (i) the transition
from fine textured soils with low Ks values to coarser soils
with higher Ks values and (ii) the transition to areas with
higher rainfall and lower evapotranspiration. The LOSN-PN
map (Fig. 2b) shows an analogous distribution but some dis-
similarities are observed between the moderate and high vul-
nerable zones, indicating a different behaviour between the
conservative and non-conservative (N) pollutants. This differ-
ence occurs because in the high vulnerable zone (the north-
eastern region, according to LOSW-P), temperature is lower
so N processes take place at lower rates in comparison to the
moderate vulnerable zones. The lower temperature inhibits the
transformation of inorganic ammonia into NO3

−, so even if the
infiltration rates are higher than in the rest of the basin (due to
presence of more permeable soils), NO3

− concentration is
lower than in the flat western zones, where higher tempera-
tures allow ammonia transformation. The SINTACS map
(Fig. 2c) shows that the northern and western zones of the

aquifer are in the high vulnerable class because of the presence
of old talus stones giving high values of infiltration rate. In the
southern part, a high vulnerable stripe is present in correspon-
dence with fractured limestones and dolomites outcrops. The
central part of the aquifer (50 % of the total surface examined)
is classified as low vulnerable because of the presence of fine
lacustrine and alluvial deposits with low Ks. In the GOD map
(Fig. 2d) the high vulnerable class is not present. All the aqui-
fer ranges from low to moderate vulnerability because of the
high depth of the water table (14 to 113 m). This method is
recommended only in absence of adequate datasets and for
expeditious preliminary investigation, which needs to be
followed by more accurate examination via other methods.
DRASTIC and Pesticide DRASTIC (Fig. 2e, f) show similar
results except for the eastern part which is classified as high
vulnerable according to DRASTIC andmoderately vulnerable
for Pesticide DRASTIC, since in the latter method the impact
of the vadose zone and of the hydraulic conductivity have a
lower weight compared to DRASTIC. The two DRASTIC
maps show a good agreement with the SINTACS map
concerning the high vulnerable zones, while there is an inver-
sion of the low and moderate classes in the central part of the
basin. The single-parameter analysis (Fig. 3) shows how in
these three maps the net recharge and the impact of the vadose
zone are the most influent parameters for the vulnerability
assessment. SINTACS map shows remarkable differences re-
garding the influence of groundwater depth and topsoil media
parameters. These parameters are very important in the spe-
cific case study because the fine alluvial soils of the plain play
an important role to slow down the percolation of water and
pollutants towards the aquifer. The single-parameter sensitiv-
ity analysis suggests that SINTACS explains in a more realis-
tic way the vulnerability of the Sarigkiol basin while the re-
sults of GOD method are more in agreement with SINTACS
rather with the results of DRASTIC and Pesticide DRASTIC.

The AVI map (Fig. 2g) indicates the approximate travel
time for water to move downward through the porous media
above the uppermost saturated aquifer surface. However, it
should be noted that, c is not a travel time for water or con-
taminants, since factors such as hydraulic gradient, diffusion
and sorption are not considered (VanStempvoort et al. 1992).
In the Sarigkiol basin, the output c ranges from 21 to
829 days. The most vulnerable areas are the northern and
eastern zones and a strip in the southernmost zone, where
more permeable sediments are present. In the central part,
even if the aquifer is located at shallower depth the presence
of fine sediments reduce Ks. Despite the AVI method has
some important limitations (lateral discontinuity of aquifer,
climate, hydraulic gradient, porosity, water content of the
porousmedia and sorptive or reactive properties of the layers
are ignored), it uses the definition of hydraulic resistance (c)
to assign the relative contribution of K and d parameters in
vulnerability assessment.
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Fig. 2 Vulnerability maps obtained with a LOSW-P; b LOSN-PN; c SINTACS; d GOD; e DRASTIC; f Pesticide DRASTIC and g AVI

Arab J Geosci (2016) 9: 503 Page 7 of 10 503



Combining LOS, AVI and SINTACS methods, it is pos-
sible to provide a more comprehensive assessment of vul-
nerability, identifying the vulnerability of the topsoil to
water (+conservative pollutants) and nitrogen losses using
LOS, the vulnerability of the unsaturated zone to allow
pollutants to reach the aquifer using AVI and the level of
aquifer vulnerability using SINTACS (in other cases
DRASTIC or other method can be used instead of
SINTACS). In the case of Sarigkiol basin, the combination
of the three methods becomes essential creating a three-
dimensional perspective of vulnerability by adding the di-
mension of depth as it is visualized in Fig. 4. The use of
LOS and AVI, which also include the unit of time, also add
the dimension of time providing a final four-dimensional
perspective. SINTACS and AVI maps highlight that the
northern part of the aquifer is the most vulnerable. LOS,
conversely, identified the upland north-eastern part of the
basin as the most vulnerable area, where the aquifer bound-
aries do not reach, indicating that the possible pollutants
which are infiltrated there could reach and threaten the
aquifer in the alluvial plain following a non-vertical path-
way. This observation is very important because methods
such as SINTACS, AVI, DRASTIC, etc. are analysed only
for the area, which is defined by the aquifer boundaries
while LOS is not restricted by this attribute. Furthermore,
the knowledge of the relative transit time of the infiltrated
water to reach groundwater completes the vulnerability
analysis, linking the LOS method with the SINTACS
one, thus linking the source-area of the potential pollution
with the receiving aquifer, as shown in the conceptual
model of Fig. 4.

Other important differences, between the various
methods applied, are the following: (i) SINTACS,
DRASTIC, Pesticide DRASTIC and GOD do not take into
account climatologic conditions such as temperature that
tend to change the N cycle in comparison to the LOS in-
dex, which can be adapted to different cl imat ic

environments. The application in Sarigkiol basin showed
that temperature is a driving factor for non-conservative
pollutants, such as N; (ii) the single-parameter analysis
showed that SINTACS is more appropriate in comparison
to DRASTIC and Pesticide DRASTIC, to describe the
aquifer vulnerability of the Sarigkiol basin; (iii) LOS pro-
vides quantitative results of water and nitrogen losses
while the other methods give only a qualitative result in a
range of vulnerability classes. The quantification of water
and N losses is one of the LOS strengths because it allows
a comparison between different regions with different
characteristics; (iv) uncertainty is increased in the calibra-
tion of weights and ratings in SINTACS, DRASTIC,
Pesticide DRASTIC and GOD because they are based on
subjective criteria. On the other hand, LOS estimation is
straightforward reducing significantly the subjectivity,
which is introduced by the use of ratings in other methods.
Moreover, the LOS method shows improved performance
because it was developed using a process-based model, and
for this reason, it better described the differences between
the lower and higher altitude areas mostly associated to
different climatic conditions; (v) the contribution of AVI
in combination with LOS is very important because both of
them add also the dimension of time and (vi) GOD is rec-
ommended only for preliminary investigations and com-
parisons because it considers a limited number of
parameters.

Conclusions

The application of different indices to assess the intrinsic vul-
nerability of the Sarigkiol basin (Greece) highlighted the
strengths and weaknesses of eachmethod and at the same time
showed that their combination can provide an overall view
linked to the fate and transport of pollutants from the topsoil
to the aquifer. The LOS method provided information about

Fig. 3 Single-parameter effect of
weight-rating factors of
SINTACS, DRASTIC and
Pesticide DRASTIC maps
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the intrinsic vulnerability of the topsoil (30 cm) towater (+con-
servative pollutants) and nitrogen losses, and the AVI method
described the vulnerability of the unsaturated zone to allow
pollutants to reach the aquifer while the aquifer vulnerability
was analysed using SINTACS, DRASTIC, Pesticide
DRASTIC and GOD. In the context of this study, the aquifer
vulnerability was better described by SINTACS method and
for this reason; the final conceptual approach for the descrip-
tion of a stratified vulnerability (toposoil, unsaturated zone and
aquifer) of the overall hydrogeologic system was build com-
bining LOS-AVI-SINTACS. The conceptual approach of
combining the three indices led to a four-dimensional descrip-
tion of vulnerability by adding the dimensions of depth and
time. The dimension of depthwas described by the three layers
of LOS-AVI-SINTACS, while the dimension of time was in-
troduced by the LOS and AVI methods which provide quanti-
tative results in time. The use of LOS method also highlighted
the basic limitation of the other methods to describe the poten-
tial contribution to pollution of areas (especially upland areas)
which are out of the aquifer boundaries. The combination of
the aforementioned methods can be used as a more robust tool
for establishing detailed monitoring programmes and mea-
sures to achieve the Water Framework Directive objectives
of good groundwater status.
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