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ABSTRACT

The assessment of groundwater vulnerability is an important aspect of territorial planning
aimed at the management and protection of groundwater quality. This topic is particularly
relevant for the Campania region (southern ltaly) due to the abundance of groundwater
resources and the strong dependence on them of current economic, social and
environmental settings. The region is characterized by complex geological, structural and
hydrogeological frameworks which make challenging and innovative the assessment of
groundwater vulnerability with SINTACS, a parametric method officially recognized by the
Italian environmental agencies. In order to apply results obtained to current regional
regulations, groundwater vulnerability was estimated for the 80 principal aquifers, hosting
respective groundwater bodies, as recognized by the application of the Directive 2000/60/EC.
Among principal results, the alluvial and limestone (karst) aquifers, which are the most
productive of the region, show the highest groundwater vulnerability, even with spatially
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variable conditions depending on local hydrogeological features.

1 . Introduction

The Campania region (southern Italy) is characterized
by a geological and structural setting representing the
main features of the southern Apennines (Vitale &
Ciarcia, 2018 and references therein). This results in
a complex hydrogeological framework comprising the
most relevant aquifers of southern Italy, such as
karst, alluvial, volcanic and terrigenous ones, as well
as flysch and basin series aquitards and aquicludes
(De Vita et al., 2018). As a consequence, a high avail-
ability of groundwater resources does occur in this
region, depending also on the relevant amount of
mean annual precipitation. These hydrogeological fea-
tures have contributed to a relevant social and econ-
omic development of the region after the World War
II, as well as to an intensive land use, developed
especially in the high-urbanized plain and coastal
areas (Forino et al., 2015; Romano et al., 2017), and,
therefore, to an increasing groundwater demand.

In recent years, the strong urbanization of the plain
areas, particularly of the city of Naples and its sur-
roundings, has caused worrying cases of environmental
degradation involving soils, surface water and ground-
water. A progressive degradation of the groundwater
quality due to pollution from agriculture and urban
sources, has been noticed affecting especially shallow

alluvial aquifers (Ducci et al, 2019; Fusco et al,
2020). Moreover, due to urban waste mismanagement,
the environmental pollution has reached very high
levels in some sectors of the Metropolitan City of
Naples. As a consequence, mass media overemphasized
its effects on inducing the public awareness to perceive
the contamination as extended to the whole region. In
such a framework, with the aim to assess and safeguard
the quality of agricultural and zootechnical products
of the whole region, the regional government funded
the Campania Trasparente (Transparent Campania)
Project (www.campaniatrasparente.it). The project
was focused on studying the environmental state of
the three principal environmental matrixes: soil,
water and air. Within the water environmental matrix,
a section of studies was dedicated to the assessment of
groundwater vulnerability. Results obtained by these
studies were considered fulfilling requirements of the
Water Framework Directive (2000/60/EC; European
Parliament, 2000) and Groundwater Directive (2006/
118/EC; European Parliament, 2006) as well as the
related Italian laws (DIgs 152/2006 and 30/2009) con-
cerning the protection of groundwater resources.

In this research, the assessment of groundwater vul-
nerability was focused on the 80 Principal Aquifers
(PAs) of the Campania region, hosting respective rel-
evant Groundwater Bodies (GBs), namely distinct
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volumes of groundwater within an aquifer or aquifers,
as officially recognized in the Water Management Plan
issued by the Southern Apennine District Basin Auth-
ority  (http://www.ildistrettoidrograficodellappennin
omeridionale.it/dam_083.htm) under the application
of the Directive 2000/60/EC. In such a view, groundwa-
ter vulnerability was assessed for the PAs, which were
considered equivalent to the GBs hosted.

The SINTACS method (Civita & De Maio, 2000),
which is recognized by the Agenzia Nazionale per la
Protezione dell’Ambiente — ANPA (National Agency
for the Environmental Protection) (De Maio et al.,
2001), was applied for the estimation of groundwater

vulnerability.

2. Hydrogeological setting of the Campania
region

The Campania region covers about 13,595 km? includ-
ing composite  geological (Figure 1) and

geomorphological frameworks. It embraces a wide sec-
tor of the southern Apennines chain, whose structure
was originated during the Miocene by compressive tec-
tonic phases involving the subduction of oceanic crust
of the African plate (Carminati et al., 2012; Cosentino
et al,, 2010). During this crustal shortening, series of
palaeo-geographical units varying from shallow-water
carbonate platform to terrigenous ocean basin environ-
ments, which developed in the Tethys palaeo-ocean
during the Meso-Cenozoic period, were detached, tec-
tonically deformed in fold-and-thrust sheets, carried
north-eastwardly and overthrust the Apulian carbon-
ate platform foreland (Patacca & Scandone, 2007).
During the Miocene tectonic phases, the tectonic pile
was unconformably covered by turbidite wedgetop
basin series (e.g. Ascione et al.,, 2012). Subsequently,
during the Quaternary post-orogenic extensional
tectonic phases, the western side of the Apennine
chain was faulted forming semigraben structures in
which a back-arc volcanic activity began (Milia &
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Figure 1. Kinematic complexes of the Campania region (modified from Vitale & Ciarcia, 2018).
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Torrente, 2014; Milia et al., 2017) with the Rocca-
monfina volcano (700 k-year), Ischia Island (150 k-
year), Phlegraean Fields (60 k-year) and Somma-Vesu-
vius volcano (25 k-year). During the Quaternary, these
structurally lowered zones, as well as other intermon-
tane depressions, were filled by alluvial and volcanic
deposits forming the actual Campanian, Sele River
and Tanagro River principal alluvial plains (Figure 1).

The lithological and structural complexity of the
region controls the variability of hydrogeological set-
tings, identifying several hydrostratigraphic units (De
Vita et al., 2018; Maxey, 1964), which can be classified
in four principal genetic groups: carbonate, alluvial,
volcanic and terrigenous. The first includes Mesozoic
limestone and subordinately dolomite aquifers, form-
ing the most prominent mountain ranges and the pri-
mary sources of drinking water of the region (De Vita
et al., 2018). These aquifers are generally characterized
by pervasive fracturing and karst phenomena that
increase the global permeability, thus allowing high
groundwater recharge and mean annual yield. More-
over, the mountain ranges forming carbonate aquifers
are generally characterized by large plateaus and endor-
heic zones on the top favoring further infiltration and
groundwater recharge (Allocca et al., 2014; Allocca
et al., 2015). Another hydrogeological peculiarity is
given by the covering of ash-fall pyroclastic soils
erupted by the Somma-Vesuvius and Phlegrean Field
volcanoes (De Vita & Nappi, 2013; Fusco et al., 2017,
2013) which controls the development of the epikarst
zone (Celico et al., 2010). Geological and structural fac-
tors control groundwater circulation outflowing from
both perennial low-altitude springs, with mean annual
discharge varying from 0.1 to 55m’ s~' (total dis-
charge of about 70 m® s~ for the whole region), and
ephemeral high-altitude springs, with discharge values
generally lower than 0.1 m® s™* (Celico, 1983; De Vita
et al., 2018), respectively dependent on basal and
perched groundwater circulations. The hydrogeological
behavior of these aquifers is consistent with conceptual
models proposed in the literature for karst aquifers
(Bonacci, 1993; Celico, 1978, 1983; Drogue, 1992; Gold-
scheider & Drew, 2007; Jeannin, 1998; Kiraly 1975,
2003; Klimchouk 2000; Mangin, 1975; White, 1969,
2002). Among the most important controls on the
basal groundwater circulation is the tectonic juxtaposi-
tion of these aquifers with low-permeability hydrostra-
tigraphic units belonging to terrigenous pre-orogenic
(Cretaceous-Paleogene) and syn-orogenic (Miocene)
basin and turbidite series (Celico, 1983). Other minor
stratigraphic or tectonic factors, such as faults with
low-permeability damage and core zones or marly
and argillaceous intervals in the carbonate series,
allow the compartmentation of the basal groundwater
circulation (Celico, 1983; Celico et al., 2006). Due to
the Apennine thrust structure, carbonate aquifers are
in general reciprocally isolated (Ravbar et al.,, 2011),
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but, in some cases, receiving groundwater exchanges
from the adjoining alluvial aquifers. For coastal carbon-
ate aquifers, groundwater circulation outlets from sub-
marine springs. A minor groundwater circulation also
occurs in the surficial zone, being controlled by epikarst
development (Allocca et al., 2018a; Celico et al., 2010)
or other local structural or stratigraphic factors, feeding
high-altitude springs with highly variable regimes and
low discharges, generally lower than 0.01 m> s~

Alluvial aquifers represent the second groundwater
resource of the region forming aquifer systems at the
regional scale with a general medium to high per-
meability grade. The groundwater recharge occurs by
direct infiltration and by the groundwater exchange
from the adjoining carbonate aquifers. These aquifers
can be distinguished in costal alluvial and internal allu-
vial. The high water-demand for agricultural and
industrial practices, which are very diffused in these
areas has led to a high anthropogenic pressure on
these aquifers (Allocca et al., 2018b, 2016; Coda et al.,
2019a, 2019b). Generally, the water table is shallow
and the intensive cultivation practices make them
extremely exposed to pollution (Fusco et al., 2020).

The volcanic structures of Roccamonfina, Somma-
Vesuvius, Phlaegrean Fields and Ischia Island (Figure 1)
represent other important aquifers and groundwater
resources of the region. Notwithstanding their limited
extension and annual groundwater yield, these aquifers
have an important economic value for their valuable ther-
mal and mineral waters (Celico et al., 1992, 1998, 1999).

A minor type of aquifers is represented by terrigenous
Miocene-Pliocene turbidite, molasse and clastic series as
well as Cretaceous-Paleogene basin series outcropping
mainly in the interior areas. These series, especially of
the first type, can form significant aquifers at the local
scale in arenaceous-conglomeratic stratigraphic intervals
(Casciello et al., 1995; Celico et al., 1993).

The climate type (Geiger, 1954) varies from the Med-
iterranean type (Csa) in the coastal sector to the Mediter-
ranean mild climate (CSb) in the interior areas. Higher
orographic precipitations, with maximum values up to
1700-2000 mm, occur along the Apennine ridge, cross-
ing the interior part of the region, while the mean annual
value for the region is around 1100 mm. The annual pre-
cipitation is strongly affected by complex cyclical decadal
variability due to the North Atlantic Oscillation (De Vita
etal.,2012; Manna etal., 2013), which controls the inter-
annual variability of groundwater recharge.

3. Approaches for the assessment of
groundwater vulnerability

The assessment of groundwater vulnerability is a cru-
cial aspect of territorial planning aimed at the safe-
guard of groundwater resources (Directive, 2006/118/
EC) because expressing the potential impact of pollu-
tants, depending on hydrogeological conditions and
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processes occurring in the unsaturated and saturated
zones (Goku & Dassargues, 2000). Groundwater vul-
nerability is generally distinct in intrinsic and specific
(NRC, 1993). The intrinsic groundwater vulnerability
is defined as ‘the specific susceptibility of aquifer sys-
tems, in their various parts and in the various geo-
metric and hydrodynamic settings, to ingest and
diffuse fluid and/or hydro-vehiculated contaminants,
whose impact on groundwater quality is dependent
on space and time’ (Civita, 1994). Instead, the specific
vulnerability is related to a definite contaminant or
group of contaminants, thus it is based on considering
specific hydraulic and geochemical processes of attenu-
ation (Goku & Dassargues, 2000).

In the last decades, many approaches were developed
to assess groundwater vulnerability, which can be
grouped into three fundamental categories, depending
on the scale of territorial analysis and quality of data
(Civita, 2010): Hydrogeological Complexes and Settings
(HCS) methods, Parametric System (PS) methods and
Numerical Models (NM). The first category is based
on the assessment of groundwater vulnerability by the
qualitative analysis of hydrogeological factors (Albinet
& Margat, 1970). The second category is focused on
the semi-quantitative assessment of factors controlling
groundwater vulnerability and is divided into three
sub-groups: Matrix Systems (MS), Rating Systems (RS)
and Point Count System Models (PCSM). The MS
methods are based on a few parameters that are oppor-
tunely calibrated and applied to local case studies, such
as the method selected for the Flemish Region of Bel-
gium (Goossens & Van Damme, 1987), which is based
on soil thickness and texture, water table depth and
aquifer hydrogeological features. The RS methods are
based on the assignment of index values to the par-
ameters considered and define a vulnerability index as
the sum of index values selected for each parameter.
Among this type of methods, the best known is GOD
(Foster, 1987), which considers three parameters
(groundwater confinement, overall lithology of aquifers
and water table depth). The PCSM methods advance the
preceding ones by introducing multiplying weights for
each parameter. Among these methods, the most
known is DRASTIC (Aller et al., 1987) which considers
seven parameters and the respective indexing with
scores ranging from 1 to 10, depending on specific cri-
teria indicated in tables and graphs: (1) Depth to
water table; (2) net Recharge; (3) Aquifer media; (4)
Soil media; (5) Topography; (6) Impact of vadose
zone; (7) hydraulic Conductivity. Two lines of multiply-
ing weights identify different scenarios of groundwater
vulnerability: one for normal conditions and the other
for conditions of intensive agricultural activity. Several
variations to this method were experimented for adapt-
ing it to specific pollutants as agricultural nitrate fertili-
zers (i.e. Kazakis & Voudouris, 2015). Among PCSM
methods, derived from DRASTIC, is SINTACS (Civita,

1994, 2010; Civita & De Maio, 2000), which is based
on the same seven parameters (the different acronym
is due to the Italian name of parameters), but with differ-
ent index values. Moreover, this method considers five
lines of multiplying weights related to the following
scenarios: (a) normal impact; (b) relevant anthropic
impact; (c) drainage; (d) karst; (e) fissured rocks. The
final result is the SINTACS index (Isiytacs), given by
the sum of products between index values assigned to
each parameter and respective multiplying weights,
leading to six groundwater vulnerability classes.

Finally, the numerical models are quantitative being
based on simulation of the physical, chemical and bio-
logical processes controlling transport of a pollutant
(e.g. Fusco et al,, 2020).

4, Data and methods

The groundwater vulnerability of the Campania region
was estimated by analyzing geological, hydrogeological,
geomorphological, pedological, piezometric, climatic
and land use data. All data were structured in a raster
GIS environment with a spatial resolution of 200x200
meters. The large quantity and quality of available
data allowed the application of the SINTACS method
(Civita & De Maio, 2000) whose use has been validated
for the Mediterranean areas (e.g. Al-Shatnawi et al,
2016). The parameters and sources of data considered
as well as elaborations carried out for their estimation
are described following.

4.1. Assessment of SINTACS parameters

4.1.1. Depth to water table (the S-parameter)

This parameter accounts for the travel length, and time,
of pollutants through the unsaturated zone, therefore it
is conceptually conceived as directly controlling the
attenuation of their concentration. Due to the large
extension and complex hydrogeological settings of
the Campania region, a regional map of piezometric
levels and the inherent depth to water table map
were not available. Therefore, the assessment of piezo-
metric levels was carried out for the whole region by
different data and approaches. Firstly, data of piezo-
metric contours, generally available for major alluvial
plains and volcanic aquifers only (De Vita et al,
2018), were considered (Main Map). Instead, for car-
bonate aquifers, which are chiefly characterized by a
general lack of piezometric measurements due to the
high depth to water table, piezometric levels were
reconstructed by considering: altitude of basal springs,
typical values of piezometric gradient (5%0) and deli-
mitations of groundwater basins, known by the hydro-
geological literature (Celico, 1983). Following, the
depth to water table was reconstructed for these aqui-
fers by the difference between piezometric level and
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the Digital Elevation Model (DEM). The highest value
found is 1,640 m.

Finally, for the other turbidite and basin series,
forming small aquifers and aquitards, due to the una-
vailability of water table depth, this parameter was
assumed as constant and equal in average to 4 m as
commonly observed for such hydrostratigraphic units
(De Vita et al., 2015).

4.1.2. Net recharge or infiltration (the I-parameter)
This parameter represents the amount of rainfall (P)
exceeding evapotranspiration (ETR) and runoff (R),
which infiltrates and recharges groundwater (Healy,
2010). Therefore, it constitutes both the main vehicle
for pollutants toward the saturated zone as well as a
diluent which can diminish their concentrations. To
estimate the mean annual groundwater recharge for
the Campania region, a distributed regional model
of the mean annual effective precipitation (P —
ETR) was considered (Allocca et al, 2014). The
maximum value obtained for the studied area is
2,221.8 mm year . Net recharge was estimated con-
sidering also the mean annual groundwater recharge
coefficient (AGRC) (Allocca et al., 2014; De Vita
et al., 2018).

4.1.3. Impact of vadose zone (the N-parameter)
This parameter accounts for the attenuation of pollu-
tants during the transport through the unsaturated
zone. It is meant to be dependent on the lithology,
and, subsequently, permeability, of the vadose zone.
Therefore, it was estimated by the regional hydrogeolo-
gical map (De Vita et al., 2018) considering lithology of
the unsaturated zone of aquifers.

4.1.4. Soil media (the T-parameter)

This parameter depends on the grain size and controls
the reactive processes occurring in the soil and leading
to the reduction of pollutant concentration. It was esti-
mated by the regional map of soil features, 1:250,000
scale, available for the Campania region (Di Gennaro
et al., 2002).

4.1.5. Hydrogeological characteristic of the

Aquifer (the A-parameter)

This parameter, which corresponds to the type of aqui-
fer, is intended to be dependent on permeability and
mechanisms of saturated flow (e.g. porous, fractures
or karst) because expressing the capability to transport
of a pollutant through the saturated zone. It was
obtained by the regional hydrogeological map (De
Vita et al.,, 2018).

4.1.6. Aquifer’s hydraulic Conductivity (the C-
parameter)

This parameter indicates the capacity of the saturated
zone to convey groundwater (and pollutants) through
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Table 1. Multiplying weights (w;) considered by the SINTACS
method for the five hydrogeological scenarios (Civita & De
Maio, 2000).

Multiplying weights (w;)

Parameter
Normal Severe Seepage Karst Fissured

S 5 5 4 2 3
| 4 5 4 5 3
N 5 4 4 1 3
T 3 5 2 3 4
A 3 3 5 5 4
C 3 2 5 5 5
S 3 2 2 5 4

a unitary draining section and under an ordinary
piezometric gradient. Therefore, it was conceived as
indicating proportionally the proneness to pollution.
Starting from the aquifer type (De Vita et al., 2018),
this parameter was estimated as the mean of values
chosen from ranges known in the literature (Civita &
De Maio, 2000; Freeze & Cherry, 1979).

4.1.7. Slope (the S-parameter)

This parameter expresses the slope gradient and
accounts inversely for the predisposition to infiltration
and groundwater recharge. It was estimated by the
Digital Elevation Model (200x200 m). The highest
value found is 54.7°.

For the attribution of multiplying weights, all five
scenarios (natural, relevant impact, drainage, karst
and fissured rocks) were considered (Table 1) in
respective raster maps. Weights for the normal and rel-
evant impact scenarios were obtained by the regional
map of agricultural land use, known as CUAS map
(www.sit.regione.campania.it). Weights for drainage
scenario were obtained by the intersection of the irriga-
tion areas, identified by the CUAS map, and areas with
water table depth less than 2 m. Weights for karst
(limestone aquifers) and fissured rocks (dolomite and
volcanic rock aquifers) were assigned on the basis of
regional hydrogeological map of southern Italy (De
Vita et al., 2018).

4.2. Estimation of SINTACS index

The assessment of the seven parameters (P;) and the
five lines of multiplying weights (w;) allowed the calcu-
lation of the SINTACS index (Isytacs) expressing
groundwater vulnerability as shown in the Main Map:

ISINTACS:SXWi+IXWi+NXWj+TXWi

+AXW,+Cxw+8Sxw (1)

Parameters, multiplying weights and the Isyyracs were
calculated for outcropping areas of 80 PAs of the Cam-
pania region, hosting respectively significant GBs, as
represented in the Main Map.

In order to cope with the uncertainty related to the
attribution of index values to parameters more affected
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by subjectivity (Impact of vadose zone, Soil media and
Hydrogeological characteristic of the Aquifer), because
not guided by specific criteria indicated by the method
itself, a sensitivity analysis was carried out. This analy-
sis allowed to estimate the minimum and maximum
values of Isytacs obtainable and compare them with
the most probable ones, which were assigned on a
reasonable judgment. By this approach, the validation
of index values attributed to these parameters was
accomplished.

5. Results and discussion

Values of Isiytacs, estimated for all PAs, range globally
between 58 and 247 and are distributed across all six
groundwater vulnerability classes, from the very low
to the very elevated. In order to characterize ground-
water vulnerability for all PAs, a descriptive statistic
of Isinracs was carried out by showing respective mini-
mum, mean and maximum values (Figures 2-4).
Results obtained for single PAs were aggregated
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Figure 2. Range of Isyracs for PAs belonging to Quaternary alluvial (A) and volcanic (B) hydrogeological domains.
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Figure 3. Range of Isytacs for PAs belonging to Miocene-Pliocene turbidite, molasse and clastic (A) and Cretaceous-Paleogene
basin series hydrogeological domains (B).



JOURNAL OF MAPS (&) 571

A 250 250 B
230 P 230 -
a0 fY N (N U RPANRSIUN WSV S NI W S—— S— S—— 210 210: I}~~~ 210
< <
19 ®&+--t+--1+--t-1+--tr-1+--t-1+--t-1-t-1--t-1--F-1-- 186 % 190 186 %
12
L 2 L 4 e o
g 170 LT T T U1 ddTe*e T 11111 P 8 170 o
= S ® o o < =
Zz ® L R 4 ® PP IR 4 ¢ = g ] =
o 150 {--t--F-t+-1-F+-t++++FF% 191 -1 F Z 150 | &
140 < =2 1 140 <
o 1 Q <O o
130 4 Attt s 130 ] >
] & ] @
110 i. “rrrrrvrr—1ru1r1rvi1—1 105 MO k11 105
T e e e S B S B B 90 HH-{----f----f----}------
80 ] 80
70  Fommmmmm e f e b 70 J Ao b
50 50
FLETFEOETELSSE L F IS S
Y O (\\' T ey @Y‘ S o & Q\l o7 & S & .l 4 o & ©
F e TN T T TESFLTIETEE ¥ & F S
GO D R AN RS
R \0\4_%0&<®Q, 2 OO LS B N ) o
SFEL S LS ETARSFE PSS $ N @& L F S
éo\),\on@A@Qo‘) 000 Oe,é @/\9’ Q‘&?, g Q({27(2’0?\ é\fb @6& * < o(\‘b &,.0’0 A{\\O( (,\Q\O\ %&Q bbfb\ @'b& (9’5
< '5\\ < _\\ocz; QQ & & ~ QJ’A Q—'b\o «6\\ rb\>
S P NI o <@ W
{@Q [e) G @ N .\(\’b N 02}
&P \{bé Vfg,\ e§° & @oo ¥
& & & s°
& < Q
Il N e —
Very Elevated Elevated High Moderate Low  Very Low

Figure 4. Range of Igyracs for PAs belonging to Mesozoic limestone (A) and Mesozoic dolomite (B) hydrogeological domains.

according to the six types of hydrogeological domains
to which they belong: (1) Quaternary alluvial (Figure
2(a)); (2) Quaternary volcanic (Figure 2(b)); (3) Mio-
cene-Pliocene turbidite, molasse and clastic (Figure 3
(a)); (4) Cretaceous-Paleogene basin series (Figure 3
(b)); (5) Mesozoic limestone (Figure 4(a)); (6) Meso-
zoic dolomite (Figure 4(b)). Values of Igiracs were
furtherly aggregated and analysed statistically in
order to compare differences among principal hydro-
geological domains (Figure 5), also considering areal
extension of vulnerability classes (Figure 6).

In detail, the 22 alluvial PAs resulted with mean
values of Ignrtacs ranging from 140 to 173, thus
belonging to the high class of groundwater vulner-
ability (Figure 2(a)). Mean values of Isnracs for the
6 volcanic PAs (Figure 2(b)) are comprised, for most
cases, between 136 and 156, thus belonging to ground-
water vulnerability classes crossing from the moderate
to the high, with the only exception of the Procida’s
PA, which is comprised in the highest vulnerability
class. For the 14 Miocene-Pliocene turbidite, molasse
and clastic PAs, mean values of Ispyracs range between
113 and 172, thus being significantly scattered across
the moderate and high classes of groundwater vulner-
ability. The 14 PAs belonging to Cretaceous-Paleogene
basin series hydrostratigraphic units have a mean value
of Isintacs varying from 97 to 156, thus are classifiable
across the low and moderate classes (Figure 3(b)). The
19 karst PAs, belonging to Mesozoic limestone hydro-
stratigraphic units (Figure 4(a)), show mean values for
Isintacs ranging from 152 to 175 and therefore are
included in the high class. The 5 Mesozoic dolomite
PAs (Figure 4(b)) show a mean value for Isnyracs
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Figure 5. Range of Isytacs for PAs of the six hydrogeological
domains. Mean values are weighted by the outcropping
areas of PAs.

varying from 141 and 156 being comprised in the mod-
erate and high class.

By further analysis of mean values of Iginracs
weighted by the outcropping areas of PAs (Figure 5),
alluvial and limestone PAs result the most vulnerable,
with a value higher than 160, a limited variability and
the inclusion in the high class of vulnerability. This
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Figure 6. Extension of SINTACS groundwater vulnerability classes for principal hydrogeological domains.

condition appears to be due, among the other factors,
respectively to the generally limited depth to water
table (the S-parameter) of alluvial aquifers and high
permeability of limestone aquifers (the A and C par-
ameters), determined by fracturing and karst. Volcanic
PAs show a value of about 150 and a great variability
due to, among the other parameters, different con-
ditions of hydraulic conductivity (the A and C par-
ameters) and water table depth (the S-parameter).
The Miocene-Pliocene turbidite, molasse and clastic
PAs indicate a value of 149, but with a relevant varia-
bility across the moderate and high vulnerability

classes. The Mesozoic dolomite PAs show a value of
143, with a very limited variability scattering across
the border between the moderate and the high classes
of groundwater vulnerability. The lower values of
groundwater vulnerability, in comparison to the Meso-
zoic limestone PAs, is chiefly due to the lower per-
meability of the aquifer and the negligible karst
phenomena. Finally, the Cretaceous-Paleogene basin
series PAs show a value of 129 with a limited variability
and comprised across the low and moderate ground-
water vulnerability classes. In this case, even consider-
ing the general shallow water table depth (the S-

Figure 7. Map of minimum Isytacs (left) and maximum Is;yacs (right) of the PAs of the Campania region obtained by a sensitivity
analysis applied to Impact of vadose zone, Soil media and Hydrogeological characteristic of the Aquifer parameters.



parameter), the lowest value of groundwater vulner-
ability is related to the low permeability of the unsatu-
rated and saturated zones due to the argillaceous
component.

Results of the sensitivity analysis, based on the
assignment of a range of possible values to those par-
ameters mostly affected by subjectivity, give interesting
hints. Specifically, the overall range of variability
between the minimum Igpyracs, comprised between
54 and 232, and the maximum Ignracs, Varying
from 76 to 247, are not relevantly different from that
obtained by considering the most reasonable values
chosen for the above-mentioned parameters. Specifi-
cally, the Isintacs shows a variability due to the sensi-
tivity analysis limited to £ 15 in average as a result. In
addition, the comparison between the minimum and
maximum Ig;ytacs obtained for PAs of the Campania
region reveals that the most probable value of ground-
water vulnerability is much closer to maximum than
the minimum (Figure 7).

For the other areas of the Campania region, not cor-
responding to PAs, Isnracs was generally assessed
ranging from 85 to 120 (from very low to moderate
classes). This is due to the low permeability of terrains
characterized by flysch and argillaceous rocks, not
hosting significant GBs.

Due to the lack of extensive studies on groundwater
quality over the whole territory of the Campania
region, a validation of the groundwater vulnerability
estimated is possible for principal alluvial aquifers
only, in which a high level of nitrates, related to agricul-
tural activities and urban settlements, was assessed
(Ducci et al., 2019), thus confirming the high vulner-
ability of these aquifers.

6. Conclusions

The prevention of groundwater pollution is a funda-
mental issue to be tackled for the Campania region
due to the intense exploitation of groundwater for
drinking, agricultural and industrial uses. For this
reason, groundwater vulnerability of principal aquifers,
hosting respective significant groundwater bodies, was
estimated by the parametric and weight method SIN-
TACS (Civita & De Maio, 2000; De Maio et al.,
2001), which was applied for the first time at a regional
scale. In particular, for each principal aquifer, identified
in the Water Management Plan (Directive 2000/60/
EC), groundwater vulnerability was assessed with a
spatial resolution of 200x200 m and results obtained
were analysed statistically.

The adopted methodology and results obtained can
be conceived as significant for the implementation of a
known method to the assessment of groundwater vul-
nerability at the regional scale and, particularly, in a
complex regional hydrogeological setting, such as that
of the Campania region. Beyond the specific outcomes
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regarding the assessment of groundwater vulnerability
of the principal aquifers, which show a general high
groundwater vulnerability of most important aquifers,
such as karst and alluvial ones, results obtained by this
study can be considered applicable to any type of terri-
torial planning aimed at the protection and mitigation
of risk to pollution of groundwater resources.

Software

The cartographic analyses were carried out by the
QGIS — GRASS open source software (www.grass.
osgeo.org; www.qgis.org), while the map was com-
posed by AutoCAD Map (Autodesk Inc.).
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