
Nat. Hazards Earth Syst. Sci., 9, 1461–1470, 2009
www.nat-hazards-earth-syst-sci.net/9/1461/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

Natural Hazards
and Earth

System Sciences

Karstic aquifer vulnerability assessment methods and results at a
test site (Apulia, southern Italy)

M. Polemio, D. Casarano, and P. P. Limoni

CNR-IRPI, Dept. of Bari, Via Amendola 122/I, 70126 Bari, Italy

Received: 19 November 2008 – Revised: 10 August 2009 – Accepted: 10 August 2009 – Published: 19 August 2009

Abstract. Karstic aquifers are well known for their vulnera-
bility to groundwater contamination. This is due to character-
istics such as thin soils and point recharge in dolines, shafts,
and swallow holes. In karstic areas, groundwater is often the
only freshwater source. This is the case of the Apulia re-
gion (south-eastern Italy), where a large and deep carbonate
aquifer, affected by karstic and fracturing phenomena, is lo-
cated. Several methods (GOD, DRASTIC, SINTACS, EPIK,
PI, and COP) for the assessment of the intrinsic vulnerabil-
ity (Iv) were selected and applied to an Apulian test site, for
which a complete data set was set up. The intrinsic vulnera-
bility maps, produced using a GIS approach, show vulnera-
bility from low to very high. The maximum vulnerability is
always due to karstic features. A comparison approach of the
maps is proposed.

The advantages and disadvantages of each method are dis-
cussed. In general terms, three groups can be distinguished.
The GOD method is useful for mapping large areas with high
vulnerability contrasts. DRASTIC and SINTACS are “any-
type aquifer” methods that have some limitations in applica-
tions to karstic aquifers, especially in the case of DRASTIC.
EPIK, PI, and COP, which were designed to be applied to car-
bonate or karstic aquifers, supply affordable results, highly
coherent with karstic and hydrogeological features, and reli-
able procedures, especially in the case of PI and COP. The
latter appears simpler to apply and more flexible in consider-
ing the role of climatic parameters. IfIv of each method is
considered, the highest variability is observed in cells in the
neighbourhood of karstic features. In these spatial domains,
additional efforts to define more reliable and global methods
are required.
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1 Introduction

Karstic aquifers and environments are highly vulnerable to
contamination and to anthropogenic modifications. The vul-
nerability of karstic aquifers to contamination is due to par-
ticular characteristics such as thin soils and point recharge in
dolines, shafts, and swallow holes (COST, 2003). The res-
idence time of karstic groundwater is generally shorter, and
contamination tends to be faster and simpler, than for non-
karstic groundwater (Kaçaroglu, 1999). Specific monitoring
criteria should be used for karstic groundwater; sampling in
karsts should be more frequent, especially in the wake of
storms, rainy periods, or snowmelts, rather than being car-
ried out on a regular monthly or seasonal basis (Vrba, 1988;
Polemio, 2005; Polemio et al., 2009).

Anthropogenic modifications to karst aquifers are gener-
ally caused by population increases and the associated de-
mands for land, as is the case of karstic areas of the Apu-
lia region in south-eastern Italy (Fig. 1) (Ford and William,
2007; Polemio, 2009). The unplanned enlargement of ur-
ban and rural areas is the main example of this. In addi-
tion to the effects of pollution from agricultural activities,
farming improvements can provoke other negative impacts.
Fires and the clearing of forests, associated with the advent
of machinery, have been widely employed to provide land
suitable for farming, and have also reduced grazing areas.
Quarrying activities have disrupted the karstic landscape, de-
stroying the epikarst zone and often causing the destruction
of caves. Other modifications can be caused by the mis-
management of water resources or flood risks; the use of
sinkholes to accommodate the discharge of flood waters can
trigger the formation of dolines, sudden subsidence, cave
collapse, and groundwater contamination (Parise and Pas-
cali, 2003; Polemio and Limoni, 2006). All these changes
cause severe degradations of the typical landscape and of the
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Fig. 1. Geological scheme of the Apulian region Legend: 1) recent
clastic cover (Pliocene-Pleistocene), 2) bioclastic carbonate rocks
(Paleogene) and calcarenites (Miocene), 3) scarp and basin chert-
carbonate rocks (upper Jurassic-Cretaceous), 4) carbonate platform
rocks (upper Jurassic-Cretaceous).

karstic environment, the effects of which are often soil ero-
sion, bare karst on slopes, rocky desertification, and changes
of the infiltration rates. Groundwater vulnerability generally
increases as the protective topsoil is removed and, in quarry
areas, as water depth is reduced. The effects on groundwater
availability are complex and generally negative.

The socioeconomic development of a region depends also
on the availability of good quality water. For this reason, in
recent decades there has been a worldwide increase in the de-
mand for water. In southern Europe, water consumption has
climbed from 7.1 km3/year in 1900 to values 15 times higher
in 1995 (Shiklomanov, 1999). Further increases are expected
in future years, as the increase can be assessed about 17 times
at 2002 on the basis of web databases (World Bank). In many
European countries, 50% of the drinking water supply comes
from karstic groundwater, and in many areas it is the only
available source (COST, 2003), as in the case of the Apulia
region (Fig. 1).

Around the world, runoff yield is up to ten times greater
than groundwater flow (UNESCO, 2004) except in karstic
areas, where the latter prevails. This is the case in Mur-
gia and Salento (Fig. 1), where the groundwater discharge
is more than the double the surface runoff, notwithstanding
the current overexploitation by wells (Polemio and Limoni,
2006). The modifications to the quality and quantity of cur-
rent coastal karstic groundwater discharge can have severe
effects on the hydrological and ecological equilibrium of the
sea and of wetlands located near the coast (UNESCO, 2004).

For all these reasons, it is important to preserve ground-
water quality, and particularly to prevent contamination of
karstic aquifers. Complex but cost effective procedures
that are also simple enough to be used by water and land
managers and stakeholders, without specific hydrogeologi-
cal knowledge, need to be defined. Regional mapping of in-
trinsic groundwater vulnerability is a tool suitable for these
purposes, and specifically for groundwater resources man-
agement and protection zoning (Civita, 1994; COST, 2003).

The assessment of groundwater vulnerability quantifies
the sensitivity of an aquifer system to groundwater degrada-
tion due to human activities carried out at the ground surface.
Groundwater vulnerability can not be directly measured in
situ; it is a complex function of hydrogeological characteris-
tics of the natural environment that acts as a protection sys-
tem from contamination (Gogu and Dassargues, 2000) (Ta-
ble 1).

The assessment of groundwater vulnerability should ac-
count for the peculiarities and strong heterogeneity of karst
systems, including point or diffuse recharge, rapid flow
through high permeability conduits and fractures, and slow
flow in low permeability volumes (Doerfliger et al., 1999).
General research on vulnerability assessment began in the
1960s (Margat, 1968). In recent years it has focused on the
optimal adaptation or new definition of methods for karst
aquifers (COST, 2003; Ducci, 2007). A relevant contribu-
tion was the definition of the so-called European approach
(COST, 2003). The European approach to vulnerability, haz-
ard and risk mapping, based on an origin-pathway-target
schematisation, was defined to be general, flexible and non-
prescriptive. It is a basis that can be adapted to define meth-
ods which are appropriate for specific European karst areas,
from Alps to lowlands, and from Mediterranean to continen-
tal areas. This paper offers a new contribution to these ef-
forts, comparing the characteristics, procedures, and afford-
ability of several methods for intrinsic vulnerability assess-
ment (Civita, 1994), including GOD (Foster, 1987), DRAS-
TIC (Aller et al., 1987), SINTACS (Civita and De Maio,
1997), EPIK (Doerfliger and Zwahlen, 1997), PI (Goldschei-
der et al., 2000), and COP, based on the European approach
(COST, 2003). We focused on methods that have been
widely applied and adapted for use in any kind of aquifer
(GOD, DRASTIC, and SINTACS), and that have been de-
fined for karstic aquifers (EPIK, PI, and COP).

The study was performed in a test area, located in the
karstic Murgia aquifer (Fig. 1), hydrogeologically charac-
terised within the framework of the project WATER-MAP,
which was supported by European funds through an INTER-
REG III B initiative (Polemio et al., 2007; Corbelli et al.,
2008).
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Table 1. Methods and used parameters for the groundwater vulnerability assessment.

Method
Parameter GOD DRASTIC SINTACS EPIK PI COP

Topografic slope X X X X X
Stream network X X X
Characteristics of soils X X X X X
Net recharge X X X X X
Characteristics unsaturated zone X X X X X X
Depth to water X X X X
Hydrogeological features X X X X X
Aquifer hydraulic conductivity X X
Aquifer thickness X
Land use X X X X

2 Methods of assessment and comparison

Parametric methods of different types were selected (Gogu
and Dassargues, 2000). GOD, PI, and COP can almost be
considered rating system methods in which ratings, which
are linked to fixed ranges of each selected parameter, are
summed or multiplied to define the vulnerability index.
DRASTIC, SINTACS, and EPIK are parameter weighting
and rating methods, as they introduce parameter weights that
express the contribution of each parameter to the vulnerabil-
ity. All these methods assess a vulnerability indexIv or a
protection factorπ . The range ofIv generally changes for
each method, but in any caseIv increases as the vulnerability
increases, whileπ decreases as the vulnerability increases.
The variability ofIv is classified using different attributes (as
an example low, moderate, high, and very high) on the basis
of a defined sub-range. All methods were defined or can be
easily adapted to be applied in a GIS environment.

The GOD method (Foster, 1987) considers three parame-
ters: the groundwater occurrence, the lithology of the layers
overlying the aquifer, and the depth to groundwater (distin-
guishing unconfined or confined conditions). The rating of
each parameter is defined from 0 to 1. The overlying lithol-
ogy contributes to the vulnerability index only in the case of
unconfined aquifers (in other words, is equal to 1 for other
types of aquifers). At each point,Iv is obtained by multiply-
ing the ratings of the three parameters;Iv ranges from 0 to
1.

The US Environmental Protection Agency developed the
DRASTIC method (Aller et al., 1987). This method consid-
ers seven parameters: depth to water, net recharge, aquifer
media, soil media, topography, impact of the vadose zone,
and hydraulic conductivity. Each parameter is rated in the
range 1 to 10. At each point, parameters with a variable
continuous value (such as depth to water and net recharge)
assume a ranking value on the basis of plotted relationships.
The relationships consider different types of aquifers and soil
media in which the rating choices are based on qualitative at-
tributes described by the authors but assigned by the operator.

Parameter weight factors are defined to balance and enhance
the contribution of each parameter to the whole vulnerability.
The finalIv value is a weighted sum of the seven parameters.
DRASTIC provides two weight classifications: one for nor-
mal conditions, used in this article, for whichIv ranges from
23 to 230, and the other one for conditions with intense agri-
cultural activity (Gogu and Dassargues, 2000). The former,
called the pesticide DRASTIC index, represents a specific
vulnerability assessment approach. In a specific area, only
one set of weights should be used.

The SINTACS method was defined in an attempt to im-
prove the DRASTIC method, and uses almost the same pa-
rameters (Civita, 1994; Civita and De Maio, 1997). SIN-
TACS was defined by Italian hydrogeologists on the basis
of numerous test sites located in different hydrogeological
and climatic conditions. The main purpose was to define
a method versatile enough to be homogeneously applied to
each Italian environment (Civita and De Maio, 1997). Some
test sites were also located in Apulian karstic areas (Polemio
and Ricchetti, 2001; Cotecchia et al., 2002).The method pe-
culiarity is the use of five set of weights or strings (normal
impact, relevant impact, drainage, karst, fissured aquifer) to
be used simultaneously in large areas, and also if dominated
by different prevalent conditions as in the case of zones that
are deeply modified by anthropogenic activities, as in ur-
ban areas or due to intensive use of chemicals in agriculture,
and of different types of aquifers such as porous, fissured,
or karstic aquifers. Weights are a very effective tool used
to adapt the model to different scenarios, increasing the im-
portance of some parameter and minimizing others (Cucchi
et al., 2008). In each cell in which the area is discretised,
the set of weights is selected on the basis of conditions that
mainly contribute to the local vulnerability.Iv ranges from
26 to 260 and it is classified in six classes. Some authors
proposed a modification of the SINTACS score criteria in the
case of holokarst areas; nevertheless, up to now this modifi-
cation has only been tested in Alpine environment (Cucchi et
al., 2008).
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The EPIK method was defined in Switzerland to be ap-
plied only to the vulnerability assessment of karst aquifers
(Doerfliger and Zwahlen, 1997; Doerfliger et al., 1999).
Four main parameters are considered and mapped: epikarst
(E), protective cover (P), infiltration conditions (I ), and
karst network development (K). The E parameter consid-
ers the effects in terms of water storage (during rainfall or
snow melt) and of the concentration of flow toward verti-
cal conduits; it is assessed on the basis of geomorphologi-
cal maps considering three sub-parameters. TheP param-
eter describes the protective function of the layers between
the ground surface and the groundwater table, mainly soil,
subsoil, non-karst rock, and unsaturated karst rock. TheI

parameter is assessed by distinguishing concentrated infil-
tration areas and areas in which diffuse infiltration prevails,
where the slope and land use are the key sub-factors.K

represents the degree of karst network development in the
aquifer. The contribution of each parameter toπ is assessed
by multiplying each parameter by a weighting factor and
adding the four contributions.π ranges from 9 to 34 and
it is ranked in four classes. The classes can be labelled on
the basis of the logical low protection-high vulnerability cri-
terion: a protection factor of 34 indicates the highest protec-
tion and also a very low or minimum vulnerability. The vul-
nerability index is not explicitly defined, but we propose to
defineIv=34−π . Practical experiences highlightE andI are
the prevalent parameters in the EPIKIv assessment (COST,
2003).

The PI method was defined in a project founded and re-
alised by German Institutions considering the experience of
EPIK method (Goldscheider et al., 2000). TheP factor
considers the protective function of the layers between the
ground surface and groundwater. TheI factor describes the
infiltration conditions. TheP factor ranges from 1 to 5 and
can be calculated using a logical schema based on tabled val-
ues of considered local conditions, such as topsoil, recharge,
subsoil, lithology, and fracturing (Ḧolting et al., 1995). The
I factor ranges from 0 to 1 and describes the infiltration con-
ditions, particularly the degree to which the protective cover
is bypassed as a result of lateral surface and subsurface flow
in the catchment of swallow holes and sinking streams. The
protection factorπ is the product ofP and I , and ranges
from 0 to 5. It is subdivided into five classes of protec-
tion/vulnerability. The vulnerability index is not defined,
but we propose to defineIv=5−π . The method is also used
as basis for hazard and risk mapping (COST, 2003; Mimi
and Assi, 2009). The PI method inspired the European ap-
proach which considers four parameters: overlying layers
(O), concentration of flow (C), precipitation regime (P ′),
andK (COST, 2003). The parametersO andC are respec-
tively similar to parametersP andI of the PI method. The
COP method represents one possible way in which the Eu-
ropean approach may be applied (Daly et al., 2002; COST,
2003). The COP method considers the special hydrogeolog-
ical properties of karsts, and can be applied by considering

variable climatic conditions and different types of carbonate
aquifers, both diffuse and conduit flow systems (Vı́as et al.,
2006). The COP acronym is justified by the use of three
parameters of the European approach:C, O, andP ′. The
conceptual basis of this method is to assess the role of the
natural protection of groundwater determined by the proper-
ties of the overlying soils and the unsaturated zone (theO

factor), of protection weakening due to diffuse or concen-
trated infiltration processes (theC factor), and of the variable
climatic conditions (theP ′ factor). TheP ′ factor is innova-
tive as it takes into account not only the mean rainfall but
also factors that influence the rate of infiltration, i.e., the fre-
quency, temporal distribution, duration, and intensity of ex-
treme rainfall events. The author’s final vulnerability index
Ia is determined by multiplying the score of each parame-
ter. Ia is a protection index (ifIa increases, the vulnerability
decreases).Ia ranges from 0 to 15 and is grouped into five
vulnerability classes: 0–0.5, 0.5–1, 1–2, 2–4, and 4–15 (Daly
et al., 2002; COST, 2003). We propose the use ofIb values,
defined from 0 to 100, on the basis of five classes, by stretch-
ing Ia values of each class with a linear transformation for
Ia<1, and with a logarithmic transformation forIa>1.

In order to compare the results obtained with the differ-
ent methods, it was necessary to define a standard classifica-
tion, in which the assessed vulnerability can range from the
minimum to the maximum predisposition of groundwater to
suffer contamination originating from surface or shallow an-
thropogenic activities.In, the normalised vulnerability index,
was calculated by the normalisation ofIv for each model.
The normalisation was realised for each method by attribut-
ing In=0 to the minimumIv score andIn=100 to the highest
Iv score. The normalization in theI range was performed
following a linear law for DRASTIC, SINTACS, EPIK, and
PI. In the case of the COP method,In was calculated as
In=100−Ib.

In was analysed for the entire set of methods using three
steps. The first two steps considered the results of each
method. The first step was based on the use of simple statis-
tical tools, such as the calculation of minimum, mean, maxi-
mum, standard deviation, range, and the spatial occurrence of
the In values. The second step was the qualitative analysis,
which utilisedIn maps and the maps of the main hydroge-
ological parameters. In this case a visual approach, which
can be defined asexpert-eye-scanning, was used. The main
purpose was to recognise the role of the considered hydro-
geological parameters on the spatial variability ofIn. The
third step was based on correlation analysis between pairs
of methods, and allowed the quantification of the correlation
between theIn assessments in each cell with the considered
methods.
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3 The study area

The Apulian karstic areas are made up of Mesozoic rocks
of the Apulian foreland (Fig. 1). The Apulian platform
emerged at the end of the Cretaceous and became part of
the foreland of the southern Apennine chain. It was com-
posed of three structural domains: Gargano, Murgia, which
includes the study area, and Salento. These structural highs
were transformed into islands by subsidence during the mid-
dle Pliocene. Transgression led to the widespread deposi-
tion of Tertiary-Quaternary formations partially covering the
carbonatic platform of Murgia and Salento with thin strata
of sand, conglomerates, calcarenites, limestones, and clays.
From the middle Pleistocene onwards, the whole region be-
gan to be uplifted (Cotecchia et al., 2005).

Apulia hosts large coastal karstic aquifers that form the
main regional water source, which is very often affected by
degradation in quality due to seawater intrusion (Polemio et
al., 2009). The Apulian karstic aquifers are highly permeable
due to fracturing and dissolution well below the current sea
level, where groundwater flow mainly happens.

The Murgia (maximum height 680 m a.s.l.) is a large
asymmetric horst affected by two neotectonic fault systems
(NW-SE and NE-SW). Because of these faults, the morpho-
logical structure slopes down towards the Adriatic Sea and
towards the adjoining regions, by means of a succession of
step-shaped ledges bounded by small fault throws. The karst
environment consists of platform Cretaceous limestone and
dolostone covered with thin layers of Pliocene-Quaternary
rocks and soils. The carbonate rock is bedded, jointed, and
subject to karst phenomena (Polemio, 2005). The test site
(Fig. 2), as large portions of Murgia, is characterised by
developed karst landforms that form a network due to the
chemical dissolution of limestone (Grassi, 1983). As a re-
sult, an underground network of cavities, caves, and con-
duits has developed, some of which are very large (Regione
Pugliaa). The landscape is typically low-relief karst, charac-
terised by many dolines and by very flat-bottom valleys (lo-
cally called lame) filled with thin alluvial deposits; mainly
residual clayey deposits from karst processes (the so-called
terre rosse) and detritus. Outside the test site in the south-
western Murgia sector, typical deep canyon valleys, called
gravine, can be observed (Parise and Pascali, 2003). Valleys
and water lines are the remnants of the original hydrographic
network, which is discontinuous at present. The high Mur-
gia plateau (higher than 300 m a.s.l.) is dominated by clear
karstic features and by the existence of discontinuous and
thin topsoil layers (less than 50 cm, mainly residual clayey
soils and limestone pebbles). Moving from the inland to the
Adriatic coast and decreasing in altitude, the shallow karstic
features are less evident due to the progressively more con-
tinuous and often thicker topsoil cover (Provincia di Bari;
Regione Puglia, 1999).

Fig. 2. Geological map of the test site Legend: 1) Cave, 2) Do-
line/Sinkhole, 3) Drainage pattern, 4) Limit of areas, indicated by
hachure, discharging outside the karst region, 5) Fault, 6) Piezo-
metric countur line (m a.s.l.), 7) Road, 8) Urban area, 9) Alluvial
deposits (Midlle and Upper Pleistocene-Olocene), 10) Carbonate
successions of the Cretaceous formations (the Calcare of Altamura
Formation – Late Turonian-Maastrichtian and the Calcare of Bari
Formation – Valanginian-Lower Turonian).

Test site and data

The selected test site (Fig. 2) is 78.2 km2 wide, and is a por-
tion of the Murgia aquifer. All kinds of geological, hydro-
geological, and climatic factors were investigated. The main
sources of data are briefly described.

Geological, hydrogeological, and chemical-physical
groundwater data were collected from 250 boreholes. The
information was extracted from a vast array of sources
(from public sources or institutions and secondly from
private companies) and dates back to various periods of
time. Hydrogeological data, well pumping tests, and
piezometric head measurements were checked and upgraded
with author’s surveys. The quality of the historical data was
carefully evaluated considering the location, diameter, depth
and screen position of wells, date, type of parameter, and
method of measurement (Jousma et al., 2006; Polemio et
al., 2009). After the validation process was completed, low
quality data were deleted from the data set.

All the data collected for this study were converted into
digital format to be implemented in a GIS for the vulnera-
bility assessment. A relational geo-database was designed
to permit the simultaneous analysis of all types of data.
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Table 2. Statistics of spatial values of morphological, climate and hydrogeological parameters in the test site. (1) Infiltration assessed on the
basis of the SINTACS method; (2) wet years, defined as years in which the precipitation is 15% above annual mean value, are considered in
the COP method (COST, 2003).

Min. Mean Maximum Std

Altitude (m a.s.l.) 90.3 223.9 330.0 44.4
Slope (◦) 0.0 1.8 22.7 1.9
Annual Temperature (◦C) 14.8 15.4 16.2 0.3
Annual rainfall (mm) 599.9 643.5 657.3 10.4
Annual net rainfall (mm) 105.1 139.8 156.2 9.2
Annual infiltration(1) (mm) 13.4 105.3 154.8 25.1
Annual rainfall of wet years(2) (mm) 781.7 838.5 856.4 13.6
Depth to water (m) 158.2 284.0 443.8 64.1
Hydraulic conductivity (m/s) 1×10−4 2×10−4 3×10−3 4×10−4

The considered parameters yielded some additional data that
helped in characterising the aquifer, such as the depth to
groundwater, the thickness of the unsaturated zone and of the
saturated aquifer, the hydraulic conductivity, and the type of
groundwater flow. In order to produce maps of all the dif-
ferent variables measured in the boreholes and useful in as-
sessing vulnerability, the well data were interpolated using a
geostatistical approach. A semi-variogram for each variable
was made from point data to define the interpolation func-
tion. Several raster maps, with 10 m resolution, were then
computed for the different variables using kriging techniques
or the inverse square distance method (Deutsch and Juornel,
1992) and software (Surfer, Arcview, Arcmap).

The topographical data were mainly obtained from offi-
cial 1:25 000–1:50 000 hard copies of maps and from digital
data provided by the Cartographic Office (Regione Pugliab).
A 10 m grid was used for the DEM calculation, using 5 m
spaced contour lines and bench marks. Each gridded cal-
culation (as an example, the distance from a sinking stream
or the catchments of karstic features) was realised using a
10 m resolution. Geological information and karstic features
(mainly dolines, swallow holes, caves, and sinking streams)
were defined using official 1:100 000 geological maps, to-
pographical maps, aerial photo analysis, published speleo-
logical and morphological data, and author’s field investiga-
tion (Regione Pugliaa,b). Land use and cover were defined
considering data defined on the basis of Corine classification
(Regione Pugliab). Soil types and thicknesses were obtained
from pedological maps and published data derived from field
investigations (Provincia di Bari, Regione Puglia 1999). The
actual and net yearly rainfall, the number of rainy days, the
rainfall rate, and other hydrological calculations were per-
formed by interpolating data from 11 gauge stations, using
inverse squared distance interpolation techniques. The used
rainfall and temperature monthly data are from 1921 to 2005.
The wet years, defined as years in which the precipitation is
15% above annual mean value (COST, 2003), were identified

for each rain gauge; using the same interpolation algorithm,
the rainfall map of the wet years was obtained (Table 2).

The elevation in the test site ranges from 90 to 330 m a.s.l.,
and the maximum distance from the sea (Adriatic Sea) is
15 km. The climate is typically Mediterranean; the mean an-
nual rainfall and temperature range from 600 to 657 mm and
from 14.8 to 16.2◦C, respectively. The mean annual rain-
fall of the wet years ranges from 782 to 856 mm. The mean
annual value of real evapotranspiration ranges from 494 to
513 mm, and the net rainfall ranges from 105 to 156 mm. The
slope is generally low (in 96% of area is less than 6◦) except
where morphological scarps are observed, where the slope
is greater than 12◦. A loamy clayey soil less than 1 m thick
covers the limestone bedrock; the soil cover is generally thin
or negligible (<0.50 m) with the exception of a narrow area
located in the north-east (1% of total area). Thick layers of
clay soil are present along the drainage network and in the
dolines. The mean spatial value of annual infiltration can be
assessed equal to 105 mm on the basis of SINTACS method
(Table 2).

A wide and thick aquifer is located in the carbonate rocks
of Murgia. The aquifer is divided into more permeable strata
due to the variable distribution of fractured and karstified
strata, confined between less permeable levels of various ex-
tents and thicknesses, mainly due to tectonic events that frac-
tured the carbonate rocks in a discontinuous manner and to
the variation of base level of flow. The groundwater flow is
generally confined except along a narrow coastal strip; faults
govern the major preferential flow paths and seawater intru-
sion.

The hydraulic conductivity ranges about from 10−4 to
10−3 m/s, and the depth to groundwater ranges from 158 to
444 m below the ground surface.
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Fig. 3. Maps of the vulnerability normalised indexIn of the test site.

4 Results

Figure 3 shows the final maps ofIn. The In GOD map is
not shown, asIn was equal to 20 everywhere. This homoge-
neous value was due to two circumstances: the aquifer is not
phreatic (was considered semi-phreatic in the GOD applica-
tion) and so the effect of unsaturated strata was considered
null in terms of protection, and the depth to water was every-
where in the lower vulnerability class (>100 m).

The In values can be classified in five classes of vul-
nerability: very low (0.0–19.9), low (20.0–39.9), moderate
(40.0–59.9), high (60.0–79.9), and very high (80.0–100.0).
This classification scheme was applied to eachIn output; the
results in terms of percentage spatial occurrence are sum-
marised in Table 3.

The GOD assessment indicated the lowestIn values with
the unique exception of the COP method, which indicated
In<20 over 2.5% of the test site and 18.1 as minimumIn
value (Table 3). This method seemed to underestimate the
vulnerability and to provide a low sensitivity to the spatial
variation of key hydrogeological parameters. These charac-
teristics were also observed by other authors (Civita and De
Regibus, 1995; Corniello et al., 1997; Gogu and Dassargues,

2000). GOD should be mainly used to map vulnerability as-
sessment for very large areas, with small scales (1 100 000–
200 000) or with high vulnerability contrasts, especially if the
data set is poor. For these reasons, GOD was not considered
further.

The DRASTIC values were in the range of 23–63 (Fig. 3;
Table 3); in practical terms, they defined two classes, low
and mainly moderate vulnerability. A peculiarity of theIn
DRASTIC map, as well as the SINTACS map, was the ev-
idence of faults in terms of a slight increase of vulnerabil-
ity with respect to neighbouring pixels (Fig. 3). This was
due to the assumption that faults could create an increase of
fracturing within a strip, defined with a 20 m-wide buffer in
this case. The buffer was used only in the case of parameter
“A” in both methods, which considers the role of the aquifer
media or material. The DRASTIC assessment showed sen-
sitivity to parameters such as some karstic features (caves,
dolines, and swallow holes).

The SINTACS assessment was in the range of 39–79. Ex-
cluding GOD, SINTACS shows the lowest variability or stan-
dard deviation, and is about equal to the DRASTIC values.
Two vulnerability classes were again observed, but these
were of one level higher than the DRASTIC values, from
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Table 3. Statistical values of the normalised vulnerability index (In) and spatial percentage occurrence in the test site ofIn classes.

METHOD GOD DRASTIC SINTACS EPIK PI COP

In Minimum 20.0 23.3 38.9 24.0 20.0 18.1
Mean 20.0 43.5 61.1 39.8 35.7 74.0
Maximum 20.0 63.3 79.1 100 100 100
St.Dev. 0.0 4.9 4.3 9.9 15.8 13.6

Spatial
occurrence
(%) 0.0–19.9 (very low) 2.5

20.0–39.9 (low) 100 20.2 <0.1 89.2 82.0 0.4
40.0–59.9 (moderate) 79.8 33.7 8.3 13.1 0.6
60–79.9 (high) <0.1 66.3 1.0 2.6 84.0
80.0–100.0 (very high) 1.5 2.3 12.5

moderate to the more prevalent high vulnerability. At a pre-
liminary comparison with DRASTIC, SINTACSIn values
and statistics seemed to be similar, but were higher by about
10–20. A detailed eye-scanning of the SINTACS map high-
lighted that it was also somewhat sensitive to the drainage
network, the effect of which was absent in the DRASTIC as-
sessment. This was due to the effect of the drainage set of
weights (Civita and De Maio, 1997). The disadvantage was
that the traditional drainage set of weights generally reduced
In, with respect to neighbouring pixels in these hydrogeolog-
ical conditions, in which the karstic set of weight was used,
and determined aIn decrease which did not seem to be re-
alistic everywhere. The SINTACS output appeared complex
and was influenced by relevant parameters as depth to wa-
ter, hydraulic conductivity, tectonic faults, drainage network,
lithology, soil cover, and urban areas.

The EPIK results spanned a largeIn range, from 24 to
100, and had a low mean value equal to 39.8. High to
very high vulnerability was observed in 2.5% of the test site,
mostly in narrow areas surrounding karstic features and sink-
ing streams. The largest spatial occurrence was observed in
the low vulnerability class, which included 89.2% of the test
site. The Low values observed in the north-eastern sector
were mainly due to the effect of discharging outside the karst
area (Fig. 2). The moderate class assessment covered 8.3%
of the area, but the pattern did not appear to be clearly linked
to evident or objective features or parameters. The whole
assessment, as in the case of the GOD method, appeared un-
derestimated.

The PI method defined a very large range, 20–100, and the
minimum of the means of each method. These values were
almost equal to the respective EPIK statistics; the distribution
of the class occurrence was quite similar to EPIK as well, but
there were some relevant differences. The classes from mod-
erate to very high vulnerability showed slightly larger spatial
occurrence due to the reduction of the low class occurrence.
The main difference appeared after the expert-eye-scanning:

the In variability over the whole observed range was deter-
mined in large areas surrounding karstic features, and was
clearly due to the effect of the role of catchments of sinking
streams or to areas discharging into the karstic subsurface as
it was reasonable. Low variability was observed only in the
north-eastern sector, the main part of which discharges out-
side the karst region.

The COP method defined the largest range, from 18 to 100,
and so was the only method that spans all the vulnerability
classes. The meanIn value, equal to 74, was the maximum
of all the methods. The class occurrence was statistically
bimodal (as was EPIK, while the remaining cases were uni-
modal) due to the secondary peak (2.5%) of very low vulner-
ability, and to the absolute maximum (84%) of high vulnera-
bility. The very low vulnerability class was due to the effect
of alluvial deposits outcropping in the north-western sector,
while the low vulnerability class (0.4%, the minimum spatial
occurrence) was due to the effect of the thicker soils in the
north-eastern sector. In any case, the COP output was mostly
from high to very high vulnerability, classes that cover 96.5%
of the area.

The third step of the analysis highlighted that the highest
correlation was between the DRASTIC and SINTACS out-
puts, which appeared similar, though theIn values appear
to be translated or shifted to greater values from the former
method to the latter (Table 4). The correlation analysis con-
firmed the good agreement between the EPIK and PI results,
which was already observed qualitatively. It also seemed rel-
evant that the correlation analysis determined two groups of
methods, SINTACS and DRASTIC in one group and PI and
EPIK in the other, that show very low correlations. The COP
method was the only method whose output was almost cor-
related with any other method output (Table 4).
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Table 4. Correlation coefficients betweenIn maps.

METHOD SINTACS EPIK PI COP

DRASTIC 0.811 −0.071 0.188 0.333
SINTACS 0.076 0.044 0.325
EPIK 0.444 0.204
PI 0.239

5 Conclusions

The results of this study highlighted that the karstic test site
shows aquifer vulnerability that ranges from low to very
high. The highest contribution to vulnerability was due to
karstic features such as dolines, swallow holes, caves, and
sinking streams.

If the In value of each method except the GOD method
was considered for each cell, the highest variability between
methods was defined in the neighbourhood of karstic fea-
tures. In these spatial domains, additional efforts to define
more reliable and global methods are required. The mini-
mum vulnerability in each cell was generally generated by
the PI, EPIK, and DRASTIC methods, while the maximum
was due mainly to the COP method and secondly to the SIN-
TACS method.

The GOD method should be used mainly to map vulner-
ability assessment for very wide areas, with small scales or
with high vulnerability contrasts.

The DRASTIC and SINTACS methods are “any-aquifer”
methods that consider the greatest number of parameters. For
this reason, they produce results that can be used at very high
resolution or at large scales (if the dataset is robust enough,
as in this case). They also define a fine variation ofIn over
a narrower range. On the contrary, the methods defined for
karstic or carbonate aquifers, EPIK, PI, and COP, seem to be
black-white or low-high methods; in other words, they are
able to discriminate in the karstic environment the potentially
most dangerous locations for pollution sources.

The SINTACS assessment seems to be more accurate and
flexible than the DRASTIC method. It takes into account the
role of different prevalent conditions, such as drainage and
high anthropogenic modifications, but some of the weights
probably require further optimisation.

Between the karstic aquifer methods, PI and COP show
more realistic results on the basis of the expert-eye-scanning
approach and reliable procedures. The latter appears sim-
pler to apply and more flexible in considering the role of cli-
matic parameters; the final maps seem to reflect the author’s
knowledge of the vulnerability characteristics of the specific
aquifer and test site.

Further efforts and research should be performed. The role
of preferential flow paths and of epikarst or shallow subsoil
need to be better schematised with tools that permit the af-

fordable quantification of their contributions to the vulnera-
bility. Additional efforts are necessary to improve the vulner-
ability assessment methods, moving from intrinsic vulnera-
bility to a complete vulnerability assessment that includes
hazard mapping, the characterisation of groundwater qual-
ity degradation due to existing potential sources of pollution,
and the critical analysis of the assessment procedure.
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C. M., Polemio, M., Melo, T., Ĺopez Guerrero, P. N., Roelof-
sen, F., Sharma, S. K., Streetly, M., Subah, A., and Al Yaqoubi,
A.: Guideline on: Groundwater monitoring for general ref-
erence purposes, International Groundwater Resources Assess-
ment Centre (IGRAC), Utrecht, 165 pp., 2006.

Margat, J.: Contamination vulnerability mapping of groundwater,
Bureau de Recherches Geologiques et Minieres, Orleans, 1968.

Mimi, Z. A. and Assi, A.: Intrinsic vulnerability, hazard and risk
mapping for karst aquifers: A case study, J. Hydrol., 364, 298–
310, 2009.

Parise, M. and Pascali, V.: Surface and subsurface environmen-
tal degradation in the karst of Apulia (southern Italy), Environ.
Geol., 44, 247–256, 2003.

Polemio, M.: Seawater intrusion and groundwater quality in the
Southern Italy region of Apulia: a multi-methodological ap-
proach to the protection, UNESCO, IHP, Paris, 77, 171–178,
2005.

Polemio, M.: Extreme rainfall events and floods in a karstic envi-
ronment (Southern Italy), Z. Geomorphol., in press, 2009.

Polemio, M., Casarano, D., Dragone, V., Limoni, P. P., and San-
taloia, F.: Report on the hydrometeorologic and geological
data, “Development and utilization of vulnerability maps for
the monitoring and management of groundwater resources in
the Archimed area (WATER-MAP Project)”, INTERREG III B,
ARCHI MED, 2007.

Polemio, M. D., Dragone, V., and Limoni, P. P.: Monitoring and
methods to analyse the groundwater quality degradation risk in
coastal karstic aquifers (Apulia, Southern Italy), Environmental
Geology, Springer-Verlag, 58(2), 299–312, 2009.

Polemio, M. and Limoni, P. P.: Groundwater pollution and risks
for the coastal environment (southeastern Italy), Predictions in
Ungauged Basins: Promise and Progress, IAHS, 303, 477–486,
2006.

Polemio, M. and Ricchetti, E.: Vulnerability Mapping of an Apulian
Deep Carbonate Aquifer Using GIS. II Symp, “Protezione delle
acque sotterranee dall’intrusione marina e dall’inquinamento”,
Istituto Italo-Russo di formazione e ricerche ecologiche, Bari,
Italy, 1 October 1999, 291–302, 2001.

Provincia di Bari: Studio per la realizzazione di una carta pedo-
logica di sintesi e di carte derivate applicative per il territorio
della Provincia di Bari, Provincia di Bari, Università di Bari,
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