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ABSTRACT

This paper summarizes the results of a study focused on the hydrogeological characterization
and recognition of groundwater resources in continental southern Italy, developed under the
European INTERREG IIC Programme. The study reconstructed up-to-date scientific knowledge
regarding aquifers, groundwater circulation schemes and groundwater resources exploitation
in the administrative regions of southern Italy included in the Objective | (Molise, Campania,
Basilicata, Puglia and Calabria). In this paper, the methodological approaches applied to
synthesize and homogenize bibliographic data collected from the hydrogeological literature
and to set a regional hydrogeological mapping are described. Results presented are three
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hydrogeological maps, 1:300,000 scale, showing hydrogeological units and groundwater flow
schemes that are relevant in the regional hydrogeological context, and a brief description of
principal types of aquifer and groundwater resources of continental southern Italy.

1. Introduction

Under the INTERREG IIC Programme (European
Commission, 1997), funded by the European Union
and aimed at the drought prevention and analysis of
the water cycle in the less developed regions (Objective
1 areas) of continental southern Italy (Molise, Campa-
nia, Basilicata, Puglia and Calabria), a study focused on
the recognition and characterization of groundwater
bodies was carried out. This study led to a preceding
printed publication (Allocca et al., 2007) consisting of
a hydrogeological map of southern Italy, 1:250,000
scale, and extended illustrative notes, both in Italian.
Due to the limited number of printed copies and
their distribution only at the national scale, in this
paper, we propose a new digital edition of the hydro-
geological map, 1:300,000 scale, a description of
approaches used for hydrogeological mapping, and
an outline of hydrogeological features of principal
aquifers of continental southern Italy.

2. Database and methods for regional
hydrogeological mapping

The study was based on the collection of all available
published papers, as well as unpublished technical
reports commissioned by government agencies and

aqueduct companies, concerning different hydrogeolo-
gical aspects of the Objective I regions. To homogenize
bibliographical data, a relational database was designed
based on 12 tables (Figure 1): (1) study identification;
(2) administrative localization; (3) physiographic local-
ization; (4) geological and hydrogeological characteriz-
ation; (5) contents and results; (6) springs; (7) water
table contour lines; (8) wells and piezometers; (9) riv-
ers; (10) hydrogeochemical analyses; (11) precipitation
data; (12) air temperature data. Tables were subdivided
into 123 fields.

Considering the not univocal identification of
springs, often due to the attribution of different
names to the same one, a cross-checking among differ-
ent sources of information was accomplished. Such
control included also the geolocalization by the
1:25,000 topographic maps of the Italian geographic
military service (I.G.M.L). All major springs with a
mean annual discharge equal or exceeding 0.050
m>s~! and those with lower values, but significant for
comprehending groundwater circulation schemes,
were mapped. The analysis of spring discharge data
available in literature showed in many cases non-sys-
tematic measurements carried out in the 1930s and
1950s of the last century by the ‘Ministero dei Lavori
Pubblici’, a technical government agency, and
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B) ADMINISTRATIVE LOCATION G) GROUNDWATER BODIES H) WELLS AND INSTRUMENTED BOREHOLES
s} <« > | e . .
Region Groundwater body identification Well identification
Province Location Location, .
Municipality Maximum piezometric head (m a.s.l.) Spring identification
Minimum piezometric head (m a.s.l.) Gn_)undwa(er body identification
Hydraulic gradient (%) Altitute of mouth of well (m a.s.l)
Location of the outflow Depth (m)
Hydrogeological Unit / Structure Nu_mber of measurements
C) PHYSIOGRAPHIC SETTING Hydrogeological complex Period or date of measurements
Measurement period Maxlmu_m plezometrlc head (mas.l)
D inction’of mican (10° milyear) Mga}n plezgme(nc hgad (mas.l)
Mount or Rielief Dye experiments (summary of results) Minimum piezometric head (m a.s.1)
Hydrographic basin Geophysical surveys (summary of results) Hydraullc conductivity (m/s)
Notes Transmissivity (m’/s)
Specific capacity (m’/s)
Dye experiments (summary of results)
Geophysical surveys (summary of results)
D) GEOLOGICAL AND 8:2,
HYDROGEOLOGICAL CHARACTERISATION Withdrawal discharge (m’/s)
Notes
b <
Unit/Formation
Geological summary 1) RIVERS
Hydrogeological Unit / Structure
Total area (km’) —» | D
Average CIF (%) ”?mggraphic basin
Hydegeological summaty Involved Hydrogeological structures
A) IDENTIFICATION OF STUDY Location of stream discharge measurements
Number of measurements
E) CONTENTS AND RESULTS ——>» |ID < Period or date of measurements
Operator Maximum discharge (m’/s)
Type Mean discharge (m’/s)
Contents and results summary Autors Minimum discharge (m’/s)
Hydrogeological Unit / Structure Year Dye experiments (summary of results)
Hydrogeological description Title Use
Area (km?) Journal or committing institution User
Average C.I.P. (%) Enclosed maps and relative scale Exploitated discharge (m’s)
Groundwater recharge from surficial freshwater (m’/s) Notes
Mean net rainfall (mm/year)
Mean actual infiltration (mm/year)
Springs discharge (m’/s)
Rivers discharge (m’/s) L) HYDROGEOCHEMICAL
Groundwater outflows (m’/s) ANALYSES
Groundwater bodies exploitation grade (%)
Notes L (D
Identification of spring
Identification of well
F) SPRINGS Identification of river
Date
D < Temperature (°C)
Na PH
ame; | DS (mg/l)
Altitute (m a.s.l) Electrical Conductivity (uS/cm)
Hydrogeological Unit / Structure Hardness (°F)
Hydrogeological complex N) AIR TEMPERATURE DATA M) RAINFALL DATA Na’ (mg/l)
Number of measurements K’ (mg/)
Measurements period D D < Ca" (mg/l)
Maximum discharge (m’/s) gauge i i identificati Mg"™ (mg/l)
Mean discharge (m’/s) Hydrographic basin Hydrographic basin CI” (mg/h
Minimum discharge (m’/s) Altitute (m a.s.l.) Altitute (m a.s.l.) HCO, " (mg/l)
Meinzer index (%) Functioning period Functioning period SO, (mglly
Dye experiments (summary of results) Functioning duration (years) Functioning duration (years) CO, " (mg/l)
Geophysical surveys (summary of results) Mean yearly air temperature Mean rainfall (mm*year) NO, " (mg/l)
Use Notes Notes 510 (%)
User AD (¥
' § (%0)
Tapped discharge (m'/s) Anomalous hydrogeochemical
Notes parameters (DPR 236/88)

Figure 1. Thematic tables and links of the relational database in which bibliographic hydrogeological data have been filed.

published for the studied regions in the volumes ‘Le
sorgenti italiane’ (Italian springs) series (Ministero
dei Lavori Pubblici, 1941, 1942, 1952a, 1952b). Finally,
the groundwater exploitation was assessed by differen-
tiating tapped and untapped springs and considering
principal well pumping stations feeding aqueduct sys-

tems of regional and local relevance.

The recognition of groundwater bodies, meant as
volumes of groundwater (Directive 2000/60/CE; Euro-
pean Parliament, 2000), is necessarily linked to the
hydrogeological characterization of geological bodies
that bear and convey groundwater by gravity (Meinzer,
1923), specifically to the institution of fundamental
hydrostratigraphic units (Maxey, 1964). However, the
geological and structural complexity of the Objective
I regions of southern Italy makes the analysis and
hydrogeological mapping challenging (UNESCO &
WMO, 1977) as well. Different from other types of geo-
logical units (lithostratigraphic, biostratigraphic and
chronostratigraphic), for which univocal criteria of
nomenclature and formal classifications have been
issued (ISSC, 1976), there is still a lack for of hydrostra-
tigraphic units. Therefore, the definition of aquifer
(Meinzer, 1923) and the US Geological Survey’s

(USGS) multi-rank nomenclature (Jorgensen & Rosen-
shein, 1987; Laney & Davidson, 1986; Owen, 1987), of
aquifer system, aquifer and zone, were considered as
fundamental references. Accordingly, the hydrogeolo-
gical complex concept (Civita, 1975), defined as a set
of lithotypes with a prevailing type of permeability, a
permeability grade ranging in a limited interval and a
proved spatial and structural unity, was considered
applicable in this work. In fact, it is consistent with
the meaning of hydrostratigraphic unit proposed by
Maxey (1964) and with principles proposed by the
UNESCO & WMO (1977) for hydrogeological
mapping.

The identification of hydrogeological complexes was
carried out by respecting the three fundamental criteria
described below that allowed obtaining a homogeneous
mapping, the highest detail possible and respect of geo-
metrical relationships among lithostratigraphic and
tectonic units (Main Map).

1) Reference to a common geo-structural regional
scheme, suitable for the map scale. To such a pur-
pose, the geological map of southern Italy (Bonardi,
D’ Argenio, & Perrone, 1988a), 1:250,000 scale, was
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considered, which summarized both geological data
and modern regional interpretations.

2) Identification of hydrogeological complexes (Civita,
1975) from lithostratigraphic and tectonic units
forming the southern Apennine structure by con-
sidering their hydrogeological features, such as
types of permeability (Freeze & Cherry, 1979) and
permeability grade (Bureau of Reclamation, 1985;
Civita, 1975), and respecting reciprocal geometrical
relationships.

3) Recognition of hydrogeological units, formed by
one or more hydrogeological complexes, which
are significant at the regional scale for groundwater
circulation patterns and exploitation (Celico, 1986).

This approach allowed the recognition of 9 hydrogeo-
logical domains (Figure 2) and 39 hydrogeological
complexes, which were characterized by the per-
meability type and grade, as well as groundwater
recharge coefficient (Figure 3). The latter was attribu-
ted by relying on results of hydrological budgets carried
out on homogeneous hydrogeological units (Allocca,
Manna, & De Vita, 2014; Boni, Bono, & Capelli,
1982; Celico, 1986). Geometries of outcropping areas
were digitalized in a vector format and implemented
in a Geographical Information System (GIS), georefer-
enced in the UTM projection and European Datum
1950. By linking map graphical objects to the relational
database, derivative maps of permeability grade were
also obtained (Figure 4).

3. Result and discussion of the regional
hydrogeological characterization

Due to the rising needs of groundwater resources,
hydrogeological studies in the continental part of
southern Italy increased exponentially in the last dec-
ades forming a fundamental scientific heritage, which
consists of 557 scientific papers and unpublished tech-
nical reports. The hydrogeological knowledge was
mostly improved through studies carried out in the
Special Projects 26 and 29 by the Cassa per il Mezzo-
giorno (1976, 1978), a government agency (1950—
1992) aimed at the social and economic development
of southern Italy in the post-Second World War period,
as well as by university and research institutions.

The large territory including the Objective I regions
is characterized by lithostratigraphic and tectonic units
with highly variable and complex hydrogeological fea-
tures (Main Map). These can be related to a palaeogeo-
graphic scheme formed by sedimentary domains of
carbonate platforms and interposed oceanic basins
that existed between the Triassic and early Cenozoic
periods in the Paleo-Tethys Ocean (D’Argenio,
1988). These domains were deformed by the Mio-
cene—Pliocene compressive tectonic phases and cur-
rently form tectonic units piled up in the Apennine

fold-and-thrust belt (Casero et al., 1988; D’Argenio,
Pescatore, & Scandone, 1975; Marsella, Bally, Cippi-
telli, D’argenio, & Pappone, 1995; Menardi Noguera
& Rea, 2000; Mostardini & Merlini, 1986; Patacca &
Scandone, 2001). Regarding the hydrogeological
behaviour, the above-mentioned lithostratigraphic
and tectonic units can be clustered into five principal
groups of hydrogeological complexes. According to a
decreasing relevance for feeding aqueduct systems,
they can be identified as follows (Main Map): (a)
Meso-Cenozoic carbonate platform complexes; (b)
Plio-Quaternary alluvial and epiclastic complexes; (c)
Plio-Quaternary volcanic complexes; (d) Palaeozoic
crystalline complexes; (e) Meso-Cenozoic terrigenous
complexes. For each group, an outline of the hydrogeo-
logical knowledge is described as follows.

3.1 Meso-Cenozoic carbonate platform
complexes

The Mesozoic and Cenozoic carbonate series, belong-
ing to carbonate platform palaeogeographic units, con-
stitute mountain ranges that are among the highest of
southern Italy and host the most important regional
aquifers (Figure 2). They outcrop over about 10,500
km? (7200 km® in the Puglia region). The knowledge
about the hydrogeological features of these aquifers
greatly improved due to studies for the construction
of the main tunnels and tapping works in southern
Italy (Celico, 1978, 1983). The hydrogeological concep-
tual models proposed for these aquifers (Aquino, Pet-
rella, Florio, Celico, & Celico, 2015; Celico, 1983;
Celico, Celico, De Vita, & Piscopo, 2000; Celico, Pet-
rella, & Celico, 2006; Celico et al, 2010; Fiorillo,
2011; Petrella, Aquino, Fiorillo, & Celico, 2015; Pet-
rella, Capuano, Carcione, & Celico, 2009) identified
strong similarities and differences with those of similar
aquifers in other zones of the world (Drogue, 1992;
Goldscheider & Drew, 2007; Jeannin, 1998; Kiraly,
1975, 2002; Klimchouk, 2000; Mangin, 1975; White,
1969, 2002).

The carbonate aquifers of the Molise, Campania,
Basilicata and Northern Calabria regions supply the
main drinkable water resources of southern Italy, hav-
ing globally a mean water yield of about 4100 x 10° m*
year™'. Contrarily, the Apulian carbonate aquifers do
not constitute sufficient supplies for the regional aque-
duct systems due to the diffuse outflow of groundwater
along the coastline, which implies difficult tapping.
According to general hydrogeological features, the car-
bonate aquifers can be arranged into three subgroups
(Allocca et al., 2007):

a) Limestone aquifers, generally characterized by a
high permeability grade due to fracturing and
karst, and represent the most important aquifers
both for large extension and mean annual
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Figure 2. Hydrogeological scheme of continental southern Italy (redrawn from Allocca et al., 2007) showing groups of hydrogeo-
logical complexes clustered in nine principal domains.

b)

groundwater yield, estimated at about 3700x10° m>
year”'. Hydrogeological units formed by these aqui-
fers have a mean specific groundwater yield ranging
from 0.016 t0 0.035 m> s~' km™> (Figure 5).
Dolomitic aquifers are characterized in general by a
medium permeability grade mainly due to fracturing
and negligibly to karst. Their mean annual ground-
water yield can be estimated at about 300 x 10° m’
year™'. Hydrogeological units formed by these aqui-
fers show a mean specific groundwater yield ranging
from 0.013 to 0.021 m> s™! km ™2 (Figure 5).

c) Carbonate aquifers, constituted by alternating
limestone, limestone with chert, marl limestone
and subordinately marls, are characterized by a
permeability due chiefly to fracturing, and whose
grade varies from medium to low, according to
relative abundance of low-permeability lithotypes.
Their mean annual groundwater yield can be esti-
mated in about 100 x 10° m” year™". Hydrogeolo-
gical units formed by these aquifers have a mean
specific groundwater yield ranging from 0.009 to
0.015m’ s~ km™ (Figure 5).
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Figure 3. A conceptual model for the characterization of hydrostratigraphic units (Allocca et al., 2014; Bureau of Reclamation, 1985;
Celico, 1986; Civita, 1975) based on relationships among permeability grade, hydraulic conductivity and groundwater recharge
coefficient, determined as the ratio between groundwater recharge and effective precipitation. On the right side, conceptual
relationships between depth of groundwater circulation and its dependence from surface topography are also shown.

The Miocene and Pliocene-Quaternary tectonic phases
were accomplished by brittle mechanical behaviour
and stresses which resulted in a pervasive fracturing
of the carbonate aquifers which enhances karst pro-
cesses, particularly in limestone aquifers. Therefore,
the latter have a general high permeability grade
especially in the surficial epikarst zone (Petrella,
Capuano, & Celico, 2007, 2008). These characteristics
coupled with extended endorheic morphologies lead
to a high groundwater recharge rate, varying between
48% and 78% of the mean annual effective precipi-
tation (Allocca et al., 2014, 2015) in dependence of
the relative abundance of limestone and dolomite
lithologies, as well as ash-fall pyroclastic covers (Celico
et al., 2010; De Vita & Nappi, 2013; Fusco, Allocca, &
De Vita, 2017; Fusco, De Vita, Napolitano, Allocca, &
Manna, 2013). Groundwater flow directions are con-
trolled by geometric relationships of the permeability
boundaries with the adjoining low-permeability
Meso-Cenozoic terrigenous complexes. Moreover,
faults with low permeability, damage and core zones,
or stratigraphic intervals in the carbonate serie, with
marly or argillaceous composition, can divide the
groundwater circulation allowing the compartmentali-
zation of the aquifers in groundwater sub-basins. The
latter can be reciprocally interconnected forming
basin-in-series systems (Celico, 1983; Celico, Petrella,
& Celico, 2006; Petrella et al., 2009). Main basal
springs, with a mean annual discharge varying from
0.1 to 5.5m>s™" and perennial regime, even if usually
affected by high variability due to effects of karst con-
duits, are typically located at the lowest points along
these permeability boundaries (Celico, 1983). The
occurrence of high-altitude springs, characterized by
discharge rates lower than the basal ones and often
by ephemeral and high variable regimes, indicate a
composite groundwater circulation that in some cases

can be related to a perched groundwater flow circulat-
ing within the epikarst zone and in some others to the
barrage effect of low-permeability fault zones that con-
strain the basal groundwater at higher altitudes (Pet-
rella et al., 2009).

3.2 Plio-Quaternary alluvial and epiclastic
hydrogeological complexes

The Pliocene-Quaternary porous aquifers are formed
by clastic deposits of talus, alluvial, coastal and intra-
mountain plains, outcropping over about 24,500 km>.
The high interest for these aquifers is linked to the
intensive groundwater exploitation by wells, which is
fostered by the limited depth of the groundwater
table and numerous settlements with water-demanding
activities, mainly for agricultural and industrial uses.
Among the most extended alluvial-coastal aquifers
are those corresponding to the Campanian, Sele,
Ofanto, Bradano, Crati, Sant’Eufemia and Rosarno
Plains, while many other alluvial aquifers occur in
internal zones of the Apennine (Celico, 1983).

These aquifers are heterogeneous and anisotropic
due to the spatially variable depositional mechanisms
and energy controlling the grain sizes and the related
permeability. Deposits only rarely present a low
cementation grade, and their permeability is due to pri-
mary porosity. Depending on the occurrence of low-
permeability levels interbedded within the aquifer
deposits, at the local scale, the groundwater flow occurs
in a multilayered aquifer system in which confined and
unconfined aquifers can coexist (Allocca et al., 2018).
Instead, at a large denominator scale, the behaviour
of these composite groundwater bodies can be con-
sidered as unitary with a common circulation pattern
(Celico, 1983). Besides the recharge from the effective
rainfall, alluvial aquifers are fed directly by
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Figure 4. Permeability grade map of hydrogeological complexes and regional distribution of outcropping areas.

groundwater from the adjoining hydrogeological units,
especially in the cases of carbonate and volcanic
aquifers.

3.3 Plio-Quaternary volcanic hydrogeological
complexes

The volcanic hydrogeological complexes of southern
Italy are deposits of the eruptive centres that

0.040

developed along the Tyrrhenian side beginning at
the end of Pliocene (Roccamonfina, Phlegrean Fields
and Somma-Vesuvius volcanoes), and in a position
external to the Apennine chain (Vulture volcano).
Aquifers formed by these complexes are relevant
due to the high economic value of their ground-
water, often characterized by valuable organoleptic
properties like CO, concentration, among the others.
The total outcropping area is about 920 km?.
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Figure 5. Mean specific annual groundwater yield of hydrogeological units studied by hydrological budget technique.
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Hydrogeological features of these complexes depend
on the variable hydraulic properties of volcanic soils,
rocks, and the complex stratigraphic architecture (Cus-
todio, 1978, 2007; Davis & De Wiest, 1966; Stearns,
1942). They form aquifers characterized by fracture
permeability, as in hard volcanic rock masses or welded
tuff, to porous permeability as in ash-fall pyroclastic
deposits.

Owing to the alkali-potassic volcanism of southern
Italy, with explosive and subordinately effusive styles
of activity, pyroclastic deposits predominate on the
lava hydrogeological complex. Pyroclastic deposits
can be differentiated as ash-fall and ash-flow deposits,
respectively forming aquifers with different hydrogeo-
logical properties. Ash-fall deposits are transported by
ballistic mechanisms and prevailing winds as well,
inducing a grain size sorting over different grain size
classes. Thick pyroclastic ash-fall deposits fill plains
in the surroundings of the Phlegrean Fields and
Somma-Vesuvius volcanoes, where they are interfin-
gered with alluvial deposits. In these zones, a unique
global groundwater circulation exists, which is
recharged also by groundwater circulation of the
same volcanic structures (Celico, 1983; Celico, De
Vita, Nikzad, Stanzione, & Vallario, 1991; Esposito &
Piscopo, 1997).

In case the column, comprising pyroclasts and ash,
collapses, a nuée ardente phenomenon occurs leading
to the formation of ash-flow deposits. Lithification of
the ash-flow deposits occurs by welding and/or recrys-
tallization may occur in different grades and affect the
hydrogeological properties of tuffs. The primary poros-
ity of ash-flow pyroclastic deposits is inversely related
to the lithification, which occurs by the partial occlu-
sion of inter-clast pore spaces. The cooling fracturing
represents an important part of the secondary porosity,
which can exist in the lithified and brittle parts only.
Depending on the slower cooling, higher lithification
grade and hydraulic conductivity can be usually
observed in the central part of the lithosome, due to
fracturing favoured by brittle behaviour (Smyth &
Sharp, 2006). In tuff aquifers of the Phlegrean Fields,
hydraulic transmissivity values range from 1x 107>
to 1x107>m?*s™" (Celico et al., 1991; Celico, 2001).
Owing to the high fracture grade of tuffs, these
measurements are higher than those determined for
similar aquifers in the USA (Winograd & Thordarson,
1975), ranging from 6 x 107> to 2x 10~ m”s™".

Volcanic rocks, derived by the cooling of lava flows,
form aquifers whose hydraulic characteristics depend
on the content of dissolved gasses and thickness of
the deposit. The shallower part of lava flows is charac-
terized by very high permeability due to the diffuse
occurrence of breccias, open cooling cracks and outgas-
sing pores. Instead, the central part is generally charac-
terized by a relatively lower permeability, mainly
related to cooling joint sets. Hydraulic conductivity

ranges in these aquifers with a very wide interval, up
to 11 magnitude orders, ranging from 10~° to 10"
ms™". For volcanic rock aquifers of the Somma-Vesu-
vius and Roccamonfina volcanoes, values of hydraulic
transmissivity ranging between 1 x 107> and 1 x 107>
m? s™! have been estimated (Celico, 1983).
Groundwater flow of principal volcanic structures
(Roccamonfina, Phlegrean Fields, Somma-Vesuvius
and Vulture) is unique at a global scale, being not divided
in autonomous aquifers, with a radial pattern and
recharge independent of adjoining aquifers (Baiocchi
et al., 2017; Celico, 1983; Celico et al., 1991, 2001; Celico
& Summa, 2004). Hydrogeological units formed by
these aquifers show a mean specific groundwater yield
ranging from 0.010 to 0.020 m” s~ km ™ (Figure 5).

3.4 Palaeozoic crystalline hydrogeological
complexes

Among aquifers that do not provide relevant supply for
regional aqueduct systems in southern Italy are those
formed by intrusive igneous and metamorphic hydro-
geological complexes of the Calabrian-Peloritan Arc,
which outcrop over about 5900 km?.

These aquifers are formed by a composite hydrogeo-
logical system, which comprises three vertical zones
(Acworth, 1987; Krasny, Sharp, & Troeger, 2014).

a) A surficial porous aquifer, formed by residual
(saprolite) and transported (colluvium and talus)
deposits of the weathering zone (regolith). The
thickness of the weathering zone generally varies
from a few meters to up to 100-150 m (Calcaterra
& Parise, 2010), with a more enhanced deepening
in correspondence of fault zones. The anomalous
high thickness of the weathering zone is supposed
to be developed under past environmental con-
ditions such as tropical climate, peneplained land-
scape, tectonic inactivity and slight denudational

processes (Guzzetta, 1974; Wyns, Quesnel,
Simon-Coingon, Guillocheau, & Lacquement,
2003).

b) Intermediate fractured aquifer are fractured rocks,
some tens of meters thick, whose jointing mechan-
isms are controlled by tectonic stresses, unloading
processes and stress state due to swelling of some
minerals, particularly biotite (Lachassagne, Wyns,
& Dewandel, 2011). In this zone, the permeability
decreases with depth due to joint density reduction
(Dewandel, Lachassagne, Wyns, Maréchal, &
Krishnamurthy, 2006; Maréchal, Dewandel, &
Subrahmanyam, 2004). Joints are mostly sub-hori-
zontal in granite-type rocks and without a prefer-
ential orientation in metamorphic ones.

c) Deep zone with a rare fracture network, chiefly
limited chiefly to fault zones, which behave as indi-
vidual aquifers at the local scale and



interconnected groundwater bodies at the regional
scale. The permeability of this zone is lower also
due to the closing of joints caused by the higher
lithostatic pressure.

Hydrogeological characteristics of the porous surficial
aquifer depend on the weathering grade and grain
size of residual deposits. It acts both as a temporary
groundwater reservoir for effective infiltration and as
a partially independent surficial aquifer. Owing to the
heterogeneity of the surficial deposits, and particularly
due to the occurrence of clay-rich horizons, ephemeral
perched water tables can also occur in the surficial
aquifer. In the intermediate fractured aquifer, a main
groundwater flow occurs due to a favourable combi-
nation of aquifer thickness and hydraulic transmissiv-
ity. A higher fracturing grade occurs in the granite
rock masses than the schistose rock mass, according
to the different rheological behaviour. In fault zones,
the rock mass is more intensely fractured, weathered
and permeable. Groundwater circulation is generally
unconfined and approximately parallel to the surface
topography, therefore showing high piezometric gradi-
ents. Groundwater outflows occur mainly through lin-
ear springs along stream channels, leading to a
valleyward increase of streamflow discharge during
dry periods, and small springs scattered along slopes
with discharges typically lower than 0.001 m*>s™" and
rarely greater than 0.050m>s™'. Only 150 springs
among the 2662 surveyed in Calabria have a discharge
which ranges between 0.010 and 0.050 m>s™".

In general, hydraulic conductivity tends to decrease
from 10-15 m of depth (weathering zone) down to 50—
60 m, passing from values of 1 x 107> to 1 x 10™* ms™"
(Davis & De Wiest, 1996; Issar & Gilad, 1982; LeGrand,
1954; Summers, 1972). Calcaterra, Ietto, and Dattola
(1993) estimated by Lugeon tests in Calabria values
of hydraulic conductivity for the surficial part of the
weathering profile ranging from 2.70x107° and
558 x 107 ms ™', with a mean value of 1.35x107°
ms™'. Instead, mean values of hydraulic conductivity
of about 1.20 x 10™*ms™" were found for the inter-
mediate fractured zone, while values ranging from
1.97 x 107 t0 9.16 x 10~* ms ™" were found for the dee-
per zone. Studies carried out in different intrusive
igneous and metamorphic aquifers of the world (e.g.
Chilton & Foster, 1995; Foster, 2012; Maréchal et al,,
2004; Taylor & Howard, 2000) have reported values
of hydraulic transmissivity lower than 6 x 10~ m’s™"
for the weathering zone and fractured layer. Instead,
estimations in the Serre massif of Calabria (Baiocchi,
Dragoni, Lotti, & Piscopo, 2014; 2016), where both
granite and schistose rocks outcrop, showed hydraulic
transmissivity varying from 2.6 x 107> to 4.8 x 107"
m’s~'. The same authors estimated a mean specific
groundwater yield in the Serre massif ranging from
0.004 to 0.007m7’ 'km™, with a principal
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groundwater flow occurring in the weathering and fis-
sured zones (Figure 5).

3.5 Meso-Cenozoic terrigenous hydrogeological
complexes

Other aquifers of minor hydrogeological relevance
include the Meso-Cenozoic terrigenous sediments
deposited in inner (foreland) and outer (foredeep and
wedge top) marine basins (Bonardi et al., 1988b).
Such lithostratigraphic units comprise mainly turbidite
rocks from sandstone to calcarenite interbedded with
mudrocks from shales to marls, constituting the
minor mountains and hills of the southern Apennine.
They form hydrogeological complexes with double per-
meability, due to chiefly fracturing and secondarily por-
osity. The permeability varies from medium grades to
impervious, respectively, in cases where the relative
abundance of the mudrock component is negligible or
dominant. These hydrogeological complexes form
units whose low-discharge springs can sustain only
water needs of small rural settlements. The extension
of these hydrological complexes covers about 9850 km>.

In general, the permeability of the rock mass is
relatively higher in the surficial zone due to the exist-
ence of a regolith mantle that allows the formation of
a groundwater flow in the surficial zone. Such
groundwater circulation occurs with an approximate
correspondence between watershed and groundwater
divides, with piezometric profiles roughly parallel to
the topographic morphology. It feeds mainly springs
classified as slope springs (Gargini, De Nardo, Picci-
nini, Segadelli, & Vincenzi, 2014), which are mostly
located in the middle-lower part of slopes and
characterized by discharge rates rarely exceeding
few litres per second. A significant groundwater
flow can exist in the un-weathered rock mass only
in cases of a low-to-negligible relative abundance of
the mudrock component and favourable structural
settings, as indicated by some deep wells with fair
yields. In such cases, faults zone can allow a ground-
water drainage through adjoining watersheds result-
ing in the formation of trans-watershed springs
(Gargini et al., 2014).

The arenaceous—conglomeratic complex, belonging
to the Upper Miocene part of the series and formed
by proximal turbidite series, comprising mainly sand-
stones and conglomerates (Castelvetere, Mount Sacro
and Gorgoglione Formations) (Bonardi et al., 1988b;
Pescatore, 1978), represents a special case in such a
hydrogeological domain. In fact, due to the negligible
occurrence of mudrock interbeddings, the rock mass
reaches a medium grade of permeability; groundwater
circulation is deep being independent from the external
morphology, allowing the formation of springs with
discharge rates of a few litres per second (Celico, De
Vita, & Aloia, 1993).
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Studies about the hydrogeological characterization
of these aquifers are few and generally based on the
analysis of the base flow during dry periods (Barnes,
1939; Dewandel, Lachassagne, Bakalowicz, Weng, &
Al-Malki, 2003), recorded by discharge gauges located
at the outlets of some sample catchments (Celico, De
Innocentis, De Vita, & Vallario, 1992; Corbi, De Vita,
& Vallario, 2000). From these studies, a groundwater
recharge coefficient lower than 20% was estimated
for the hydrogeological complexes formed by arenac-
eous—pelitic and calcarenite—pelitic series, while a
value of about 30% for arenaceous—conglomeratic
ones (Celico et al., 1993). These results are confirmed
by other studies carried out on similar hydrogeological
complexes of northern Apennine (Gargini et al., 2006,
2008, 2014). Hydrogeological units formed by these
aquifers show a mean specific groundwater yield ran-
ging from 0.0010 to 0.006 m’ s™' km™ (Figure 5).

4. Conclusions

The homogenization and the implementation of bib-
liographic data in the Hydrogeological Map of conti-
nental southern Italy allowed the creation of a
fundamental instrument for the interregional analysis
and management of groundwater supply. It rep-
resents a possible example of the application of the
Directive 2000/60/CE (European Parliament, 2000)
establishing the recognition and characterization of
groundwater bodies. Results of the hydrogeological
regional mapping, and the setting up of the related
GIS, can be considered a basic tool for management
of quantity and quality of exploitable groundwater
resources at the regional scale. In such a view,
groundwater resources available for tapping could
be considered in a programme that would balance
exploitation and survival of fluvial ecosystems. This
could be achieved, especially for hydrographic basins
characterized by a high hydrogeological complexity,
also considering the use of aquifers as regulation
tanks (Celico et al., 2002) and effects of variability
of groundwater recharge (De Vita, Allocca, Manna,
& Fabbrocino, 2012).
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