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SCIENCE

Fractured carbonate aquifers of Sibillini Mts. (Central Italy)
Stefano Viaroli a, Francesco Mirabella b, Lucia Mastrorillo a, Serafino Angelinic and Daniela Valigi b

aDepartment of Sciences, University of Roma Tre, Rome, Italy; bDepartment of Physics and Geology, University of Perugia, Perugia, Italy;
cGeoSoul Italia S.r.l., Ascoli Piceno, Italy

ABSTRACT
The aim of the present map is to illustrate a detailed pre-earthquake hydrogeological
conceptual model of the Sibillini Mts. This area was struck by a prolonged seismic sequence
of up to Mw 6.5 in 2016. Geological, tectonic, and hydrogeological data were collected from
the literature before 2016, subsequently standardized and re-interpretated with the aim of
presenting a hydrogeological map (1:50,000 scale) of the Sibillini Mts. carbonate system
(Central Italy). The map is supported by 11 hydrogeological both cross and longitudinal
sections, which show the underground spatial relationship between aquifers, aquicludes,
and tectonic elements. This Map provides a model of comparison for the new
hydrogeological conditions emerging from the post-seismic research.
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1. Introduction

Maps are some of the main products of the hydrogeol-
ogy studies supporting reliable hydrogeological con-
ceptualizations both in professional practices
(groundwater planning and management) and in
scientific research (Teixeira et al., 2013; Chaminé
et al., 2015). Hydrogeological maps are essential
tools for groundwater resources evaluation, identifi-
cation of the aquifers recharge areas, definition of
the springs location and main groundwater discharge
directions determination (Zaltsberg, 1986; Schürch
et al., 2007; McDonald et al. 2012 ; Al-Jiburi & Al-Bas-
rawi, 2015; La Vigna et al., 2016; Manca et al., 2017;
Brkić & Briški, 2018; Giacopetti et al., 2019a; Lucia-
netti et al., 2019; Lancia et al., 2020).

Since the 1980s, the large carbonate aquifers of Cen-
tral Italy have been the subject of many hydrogeologi-
cal studies supported by copious cartographic
production. One of the first maps was the Hydrogeolo-
gical Scheme of Central Italy (Boni et al., 1986), where
a complete definition of the hydrogeological setting at
regional scale (Scale 1:500,000) of Central Italy was
proposed. The hydrogeological knowledge of the
Apennines fractured aquifers has progressively
increased since then. Specifically, the hydrogeological
research in the Umbria-Marche sector of the Apen-
nines has progressively improved achieving findings
consistent with the regional hydrogeological frame-
work, thanks to a gradual upscaling approach (Boni
et al., 2005; Mastrorillo et al., 2009; Boni et al., 2010;
Mastrorillo et al., 2012; Mastrorillo & Petitta, 2014).

The recent studies of the Umbria-Marche Apennines
aquifers were carried out after the 2016 central Italy seis-
mic events (Cheloni et al., 2019 and references therein),
that produced persistent and anomalous hydrogeological
changes in groundwater flow, especially in the Sibillini
Mts. area. Many works were published, although suffer-
ing the lack of updated local hydrogeological framework
before the 2016 (Checcucci et al., 2017; Petitta et al.,
2018; Rosen et al., 2018; Giacopetti et al., 2019b; Valigi
et al., 2019; Di Matteo et al., 2020; Fronzi et al., 2020;
Mastrorillo et al., 2020; Valigi et al., 2020).

The aim of this work is the realization of a detailed
pre-earthquake hydrogeological map at 1:50,000 scale of
the area affected by hydrogeological changes attributable
to the 2016 seismic sequence. The comparison between
the new hydrological setting induced by the latest earth-
quake crisis and the pre-earthquake condition showed in
the map, can provide a support for the studies aimed at
understanding of the hydrogeological changes triggered
by the seismic sequence. For this purpose, all data and
information used in the realization of the Main Map
are referred to the literature published before 2016.

2 Study area

2.1. Geological setting

The study area is located in the Central Apennines of
Italy and extends over 1000 square kilometers between
Umbria and Marche regions (Figure 1). The area is
characterized by a hilly to mountainous landscape with
a maximum elevation of 2476 m a.s.l. (Vettore Mt.).
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The Central Apennines are an East-verging arcuate
fold-and-thrust belt formed in the middle-late Mio-
cene and later dissected by SW-NE extensional tec-
tonics which started affecting the study area since
the early Pleistocene and is still considered active,
with moderate seismicity (Chiaraluce et al., 2017).

The stratigraphy involved in the Central Apennine
fold-and-thrust belt was formed in a passive continental

margin environment related to the southern Tethys
Ocean opening. This early extensional phase generated
a series of horsts and grabens overlaid by either syn-
rift pelagic or condensed units (Galuzzo & Santanto-
nio, 2002). The end of rifting is marked by an overall
continuous pelagic sedimentation started at the end of
the early Cretaceous. As a result, the stratigraphy is com-
posed of an over 2 km thick Meso-Cenozoic calcareous

Figure 1. Geological scheme of the study area. The cross sections are reported in Figures 3 and 4.
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multilayer sequence (Cresta et al., 1989) consisting from
bottom to top by: (1) carbonate platform unit about 600–
700 m thick (Calcare Massiccio, early Jurassic) overlying
a Triassic dolomite and evaporite sequence; (2) graben
pelagic sequence with a thickness up to 1000 m (Cor-
niola, Rosso Ammonitico, Marne a Posidonia, Diaspri,
early–late Jurassic) made of limestones, clayey and cherty
units, and a horst condensed sequence, made mostly of
marl-limestone layers with thicknesses not exceeding
50 m (Bugarone, early–late Jurassic); (3) graben Cretac-
eous-Paleogene pelagic sequence (Maiolica, Marne a
Fucoidi, Scaglia Bianca, Scaglia Rossa and Scaglia Varie-
gata). The thickness of this sequence varies from 400 m
up to between 2000 m, depending on the local sedimen-
tary conditions; (4) Oligocene-early Miocene pre-flysch
sequence, 100–300 m thick (Scaglia Cinerea, Bisciaro
and Schlier heteropic with Marne a Cerrogna), closing
the Umbria-Marche sequence. During Miocene-Pleisto-
cene, hemipelagic, turbiditic and evaporitic sediments
were deposited above the calcareous sequence (Flysch
della Laga), with thickness between 50 and 2000 m
(Figure 2) (Pierantoni et al., 2013; Teseo et al., 2013
and references therein)

2.2. Hydrogeological setting

The Umbria-Marche sedimentary succession is the
recharge area of two coexisting regional carbonate
aquifers, partitioned in basal and shallow aquifers
(Nanni & Vivalda, 2005; Mastrorillo et al., 2009;
Boni et al., 2010; Mastrorillo & Petitta, 2014).

The basal aquifer is the most productive and
exploited one. It consists of fractured and karst for-
mations of Calcare Massiccio and Corniola (early Jur-
assic) and in fractured and layered Maiolica formation
(early Cretaceous). Within the basal aquifer, a low per-
meability sequence is recognized in correspondence of
the early–late Jurassic deposits. Where this sequence
has maximum thickness, with a high clay component
(graben pelagic sequence), it represents an aquiclude.
Where the sequence is present in horst condensed
facies (consisting of low thick marly-limestone), it
acts as aquitard. In the first case, it is possible to dis-
tinguish two differentiated groundwater flows (the
Maiolica aquifer sustained by the aquiclude sequence,
above the basal aquifer s.s.). In the second condition
only one aquifer exits (the basal aquifer) with an
undifferentiated groundwater flow (Figure 2).

The Triassic evaporites underlie the whole ground-
water flow, acting as regional aquiclude of the basal
aquifer (Figure 2).

The preferential discharge directions of ground-
water flow in the basal aquifer are NNW–SSE or N–
S, in accordance with the regional structural linea-
ments, which usually hinder the transversal ground-
water exchanges.

The shallow aquifer (‘Scaglia calcarea aquifer’) can
be recognized within the Cretaceous limestones (Sca-
glia Bianca and Scaglia Rossa formations) and presents
a very segmented groundwater flow (Mastrorillo,
2001; Mastrorillo & Petitta, 2010).

A marly–clayey upper-early Cretaceous aquiclude
(Marne a Fucoidi formation) is interposed between
the several discontinuous shallow Scaglia calcarea
aquifers and the deeper basal aquifer, preventing
groundwater mixing. The groundwater flow of the
Scaglia calcarea aquifers develops above all in the per-
ipheral sectors of the anticlinal ridges and in the cores
of synclines, locally bounded by the Eocene–Miocene
marly formations which play the role of aquiclude.

In the Umbria-Marche hydrogeological domain,
the groundwater outflows occur mainly as gaining

Figure 2. Sketch of relationships between the simplified stra-
tigraphy, hydrogeological complexes and related hydrodyn-
amic features (not in scale). Legend of simplified
stratigraphy (name, thickness and age of the formations): Ev:
dolomite and evaporite sequence, indefinite thickness (Triass);
CM: Calcare Massiccio (600–700 m) (early Jurassic); Co: Cor-
niola, Rs: Rosso Ammonitico, Pos: Marne a Posidonia, Cd: Dia-
spri corresponding to graben pelagic sequence (200–1000 m),
Bu: Bugarone corresponding to horst pelagic sequence (50 m)
(early-late Jurassic); Mai: Maiolica (50–500 m), MF: Marne a
Fucoidi (50–100 m), SB: Scaglia Bianca, SR: Scaglia Rossa, SV:
Scaglia Variegata (150–550 m total thickness) (Cretaceous-
Paleogene); SC: Scaglia Cinerea, Bi: Bisciaro, Cer: Marne a Cer-
rogna, Sch: Schlier (100–300 m total thickness) (Oligocene –
early Miocene); Laga: Flysch della Laga (50–2000 m) (Miocene
– Pleistocene). Legend of hydrogeological complexes and
related approximate thicknesses: EC: Dolomitic -Evaporitic
complex (indefinite thickness); CCMC: Corniola – Calcare Mas-
siccio complex (more than 1000 m); CSMC: Calcareous silic-
eous marly complex (200 m); MC: Maiolica complex (400–
500 m); MFC: Marne a Fucoidi complex (50–100 m); CSC: Sca-
glia calcarea complex (500 m); CMC: Calcareous marly complex
(200–500 m); TUC: Terrigenous units complex (more than
1000 m).
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streams, in the stretches of rivers where the ground-
water saturation level intercepts the riverbed elevation.

The Quaternary deposits, filling the intermontane
extensional basins, host multilayer porous aquifers,
mainly fed by lateral inflows from the surrounding
carbonate reliefs. The coarse fractions of the layers
favor the hydraulic connections between the fractured
carbonate aquifers and the rivers flowing into the
basins.

3 Material and methods

To build up the hydrogeological map of the area, the
geological units were combined into appropriate com-
plexes with similar hydrological features. Working in a
GIS environment, the original polygons of the differ-
ent geological units were joined into the new polygons
of the hydrogeological complexes and the related new
shapefiles were merged into a single uniform thematic
layer based on topological criteria (Gragnanini et
al., 2015).

The geological and hydrogeological information
presented on the Main Map derive from the elabor-
ation of available geological maps at different scales.
The study area is completely covered by the official
cartography at 1:100,000 scale, provided by the Italian
Geological Survey (Morganti & Scarsella, 1941). A
more recent and detail geological map (1:40,000
scale) was published by Pierantoni et al. (2013), even
if it does not provide the entire coverage of the
study area. Other available geological maps, at
1:10,000 scale, are provided by the geological surveys
of Umbria and Marche regions (Regione Marche,
2020; Regione Umbria, 2020). All the available maps
were collected, and their information was compared,
integrated, and homogenized, to get a consistent geo-
logical model of the whole study area, at 1:50,000 scale.

3.1. Hydrogeological complexes

The conceptual aggregation criteria of the Umbria-
Marche geological formations in the hydrogeological

Figure 3. Excerpt from Main Map G-G’ cross section in correspondence of the Vettore Mt., where the basal aquiclude acts as
groundwater divide within the basal aquifer. The trace of the cross-section is reported in Figure 1.

Figure 4. Excerpt from Main Map G-G’ and I-I’ cross sections showing different role of the extensional faults in groundwater cir-
culation (A) hydraulic connection; (B) hydraulic barrier. The traces of the cross-sections are reported in Figure 1.
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complexes were taken from the available literature
(Boni et al., 1986; Mari et al., 1995; Boni et al., 2005;
Martarelli et al., 2008; Mastrorillo et al., 2009; Boni
et al., 2010; Mastrorillo & Petitta, 2014) and outlined
in Figure 2. The classification of the hydrogeological
complexes is based on the comparison between the
estimated effective infiltration and the surface runoff
rates. Shades of red were used to identify aquifer com-
plexes, where the infiltration prevails over the runoff.
The intensity of red color shade is proportional with
the infiltration rate (darker shade – higher infiltration;
paler shade – lower infiltration rate). On the contrary,
where the surface runoff prevails over the infiltration,
the complexes are marked with grey shades to empha-
size the aquiclude role. The brown color represents the
aquitard attitude of the complexes for which the
infiltration and the runoff rates are equivalent. The
fluvio-lacustrine deposits complex is represented in
light blue and corresponds to multilayer porous aqui-
fers with an extremely variable infiltration rate.

The alluvial and detrital coverage, reported in the
original geological maps, are missing in the Main
Map to emphasize the distribution of the recharge
areas of the fractured carbonate aquifers. The limits
of the hydrogeological complexes, originally covered
by the alluvial and detrital deposits, were manually
drawn, assuming their trend line consistent with the
average thickness of the complexes, used in the realiz-
ation of the sections. The alluvial and detrital deposits
can host seasonal perched aquifers and they act as
hydraulic connection between the carbonate aquifers
and the gaining streams. Because of their limited
extension and thickness, the alluvial and detrital
deposits have a secondary hydrogeological role com-
pared with the great fractured carbonate aquifers of
the Central Apennines.

3.2. Springs

In this study, the spatial distribution of the springs,
active before 2016, and their related data were col-
lected from available publications (Mastrorillo et al.,
2009; Boni et al., 2010; Mastrorillo et al., 2012) and
technical reports (Petitta, 2011).

The springs included in the Main Map have a mean
discharge equal or higher than 30 L/s. The springs
were differentiated by aquifer type (basal, Maiolica
or Scaglia calcarea aquifers), according to the hydro-
geological setting described above. Detailed infor-
mation such as ID code, name, elevation, mean
discharge and bibliographic reference of each mapped
spring are reported in Table 1.

The differentiation of the springs on the basis of the
aquifer nature was based on both the most likely
recharge area of each spring (Boni et al., 2010) and
on the results of groundwater chemical analysis.
SO4

2– and Mg+ enrichment usually distinguishes the

waters of the basal aquifer from the waters of Maiolica
one, while significant concentrations of Na+, K+ and
Cl− characterize the water of the Scaglia calcarean
aquifers (Mastrorillo et al., 2012; Mastrorillo &
Petitta, 2014).

3.3. Tectonic elements

The careful review of the structural data from the lit-
erature (Calamita et al., 1982; Brozzetti & Lavecchia,
1994; Pierantoni et al., 2013; Civico et al., 2018; Broz-
zetti et al., 2019 and therein references) has led to
select the tectonic elements with regional significance.
The choice to map only the regional tectonic linea-
ments simplifies the reading of the map and highlights
the specific hydrodynamic roles of the considered tec-
tonic elements. Generally, the thrust faults act as
hydraulic barriers, whereas the normal faults do not
necessarily correspond to a seal of the groundwater
flow, because their permeability is controlled by the
fracture network properties (connectivity, density,
orientation, and length distribution of the fractures)
of the fault zone (Bense et al., 2013).

Table 1. Springs of the study area, distinguished by the
aquifer of origin (B: basal aquifer; M: Maiolica aquifer; SC:
Scaglia calcarea aquifer).

ID Springs
Elevation (m

a.s.l.)
Mean discharge

(L/s) Aquifer

S1 Sordo 2 530–463 3500 B
S2 Sordo 1 600–530 1380 B
S3 Nera 1 760–725 820 B
S4 Nera 4 502–470 710 SC
S5 Aso 1 940–830 690 B
S6 Nera 5 440–410 670 SC
S7 San Chiodo 760 640 B
S8 Ussita 1 718–645 570 B
S9 Sorgente dell’Aso 910 535 B
S10 Campiano 1 718–560 480 SC
S11 Rapegna 800–730 360 B
S12 Tenna 2 845–543 350 SC
S13 Capodacqua 841 340 B
S14 Sorgente Panico 1250–1140 320 M
S15 Tenna 1 1140–845 300 B
S16 Campiano 2 520–450 280 SC
S17 Nera 3 640–612 270 SC
S18 Fosso di Visso 670–610 250 SC
S19 Ambro 1 930–820 245 B
S20 Fiastrone 1 1225–1060 230 B
S21 Ambro 2 820–700 230 SC
S22 Pescara del Tronto 926 225 SC
S23 Tennacola 1150–750 190 B
S24 Aso 2 830–737 190 SC
S25 Acquasanta 1 1150–1050 170 SC
S26 Capotenna 1178 160 M
S27 Fiastrone 2 1000–720 160 B
S28 Fonte Pescia 1175 150 M
S29 Fosso di

Capodacqua
830–725 130 B

S30 Ussita 2 645–607 120 SC
S31 Rio Sacro 1 900–840 110 M
S32 Sorgenti del Nera 844 100 M
S33 Acquasanta 2 845–805 90 B
S34 Nera 2 660–640 70 M
S35 Sorgenti Fluvione 1300 50 B
S36 Sorgente

dell’Ambro
1245 30 M
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3.4. Cross sections

The hydrogeological map is supported by a 3D con-
ceptual model defined by 11 hydrogeological sections
at 1:50,000 scale. Eight sections are perpendicular
(SW–NE) and three are parallel (NNW–SSE) to the
main regional structural lineaments. The topographic
profiles were generated from the digital elevation
model, with a cell size of 20 m, available from the
Web Portal of the Italian Ministry of Environment,
(Ministero dell’Ambiente, 2020).

The realization of the hydrogeological cross sec-
tions needed simplifications of both the complexity
of the structural elements and the thickness variability
of each hydrogeological complex. The minimum and
maximum values of the thickness of each hydrogeolo-
gical complex are reported in the caption of Figure 2.
The thickness can vary according to the geological
evolution and the paleo-depositional environment,
sometime with significant differences, as described in
the Geological setting paragraph. The most significant
thickness variability is related to the Calcareous-silic-
eous marly complex and the overlying Maiolica com-
plex. We considered the mean thickness of both
complexes, in view of the regional scale approach of
this study. In the Main Map, the presence of the Maio-
lica aquifer springs can be considered an indication of
the maximum thickness of the two complexes. Within
the graben pelagic sequence, the Maiolica and Calcar-
eous-siliceous marly complexes present their maxi-
mum thickness. Here, the Calcareous-siliceous marly
complex, which is characterized by a high clayey com-
ponent, acts as an aquiclude, allowing the coexistence
of distinct of the basal andMaiolica aquifers (Figure 2).

The Triassic dolomite and evaporites never outcrop
in the study area. The elevation of the basal aquiclude
top in each section was therefore reconstructed from
the mean thickness of the Umbria-Marche sedimen-
tary formations summarized in Figure 2.

The saturation level of the basal aquifer was drawn
according to the outflow elevation of the basal aquifer
springs included in the Main Map and according to
the mean hydraulic gradient estimated from the litera-
ture (Boni et al., 2005; Mastrorillo et al., 2020).
Because of the small extension of the upper Scaglia cal-
carea aquifers and the perched Maiolica aquifers, aver-
age values of their respective hydraulic gradient are
not available. The saturation levels of these aquifers
were not therefore included in the cross sections.

4. Results and discussion

The sequence of hydrogeological complexes with
different hydrodynamic attitudes combined with the
E-dipping thrust-and-fold belt regional tectonic fra-
mework, drives the hydrostructural setting of the
Umbria-Marche domain, well represented in the

study area. Generally, the anticline cores host the
basal aquifers, whereas the slopes of ridges and the
synclines correspond to the peripheral Scaglia calcarea
aquifers. This peculiar hydrogeological setting is
clearly visible in the Main Map, where also the distri-
bution of recharge area of the different aquifers is well
shown. The distribution of the recharge areas of their
respective aquifers is not uniformly distributed. The
main recharge zone of the basal aquifer corresponds
to the Southern sector of the map, where the Maiolica
and Corniola–Calcare Massiccio complexes crop out
and are structurally more elevated than in other
areas. The recharge area of the Scaglia calcarea aqui-
fers is mainly widespread in the western sector of
the map.

The main regional thrust (Sibillini Mts. Thrust)
hydraulically seals the study area along the eastern
side. Other western significant thrusts partition the
basal aquifer splitting the deep groundwater circula-
tion in different sectors with prevalent direction
towards the NNW. This hydrostructural setting is
complicated by the presence of the normal faults
that dissect the pre-existing thrusts, altering the seal-
ing role of the latter and allowing non-negligible
groundwater seepages at the local scale.

Within the study area 36 springs with discharge
rate ≥30 L/s are mapped. 17 springs are fed by the
basal aquifer, 7 by the Maiolica aquifers and 12 by
the Scaglia calcarea aquifers.

Only 9 springs emerge as point springs, while the
remaining emerge as gaining streams.

The sum of the average discharge of the springs in
the study area is more than 15,000 L/s. The total basal
aquifer discharge reaches at least 10,000 L/s, repre-
senting the 67% of the total, the Scaglia calcarea aqui-
fers discharge is almost 4000 L/s (almost 27% of the
total) and the Maiolica springs have a total discharge
of almost 1000 L/s (6% of the total).

In the whole Umbria-Marche hydrostructural
domain, the average annual infiltration rate ranges
between 200 and 400 mm/year for the Scaglia calcarea
complex, between 250 and 500 mm/year for the Maio-
lica complex and between 800 and 1100 mm/year for
the Corniola – Calcare Massiccio complex, according
to the literature data (Caprari & Nanni, 1999; Boni
et al., 2005; Mastrorillo et al., 2009; Boni et al., 2010;
Mastrorillo & Petitta, 2014). Generally, the infiltration
values increase moving toward the southern sectors of
the Umbria-Marche domain, due to the decrease of
the marly components and the intensification of the
tectonic fracturing (Mastrorillo, 2001). Considering
that the study area covers the southern section of the
Umbria-Marche domain, it is reasonable to expect
the highest values of infiltration rate interval.

The presumed extension of the recharge areas was
estimated dividing the mean total discharge flowing
out from each aquifer by the highest infiltration values
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suggested for each complex. The Scaglia calcarea aqui-
fers, having a total discharge of 4000 L/s should be
recharged by an area of almost 315 km2. A recharge
area of 63 km2 corresponds to the Maiolica aquifers
(with a total discharge of 1000 L/s), while the basal
aquifer to which corresponds a total discharge of
10,000 L/s should have 287 km2 recharge area.

The estimated recharge area extension is compar-
able to the areal distribution of the aquifer complexes
reported in the Main Map. In detail, the outcrops of
the Scaglia calcarea complex cover about 350 km2

and the undifferentiated outcrops of the Maiolica
and the Corniola-Calcare Massiccio complexes extend
for about 400 km2. In the study area, the basal and the
Maiolica aquifers are grouped into a single recharge
area because it is not always possible to clearly dis-
tinguish the recharge areas of each Maiolica spring.

The extension of the aquifer complexes reported in
the Main Map is slightly higher than the expected
dimension. This slight inconsistency could be attribu-
ted both to the choice of the highest values of infiltra-
tion in the calculation and the possible presence of
springs located outside the Main Map which are
recharged by the mapped area. In any case, the results
allow to affirm at regional scale that the recharge areas
of the mapped springs are included in the Main Map
and, considering the prevalent NNW directed ground-
water flow, it is reasonable to identify the main
recharge area of the basal aquifer in the southern sec-
tor of the map, where the Maiolica and Corniola-Cal-
care Massiccio complexes outcrop are widest and
highest.

The three-dimensional view, given by the longi-
tudinal and transverse geological sections, confirms
the continuity of the hydraulic connection of the
basal aquifer in NNW–SSE direction and shows the
highest structural elevation of the bedrock in the
southern sector of the study area. In addition, in the
Vettore Mt. area (south-eastern sector of the study
area) the basal aquiclude reaches higher elevations
than the saturation level of the basal aquifer acting
as groundwater divide between the western and the
eastern portions of the basal aquifer (Figure 3).

In each cross section, starting from the spring
elevation, the upgradient trend of the water table
level was interpolated, assigning hydraulic gradient
values between 0.03 and 0.04 (Boni et al., 2005; Mas-
trorillo et al., 2020). The reconstruction of the satur-
ation level in each section permits a widespread
vision of the saturation level of the basal aquifer
over the whole study area. In this way, the ground-
water water level is recognizable not only in proximity
of the springs but also within the carbonate reliefs
where this information was lacking.

The identification of the water table in each trans-
versal section also highlights the local hydrodynamic
attitude of the tectonic elements. The role of hydraulic

barriers of the thrust faults is always confirmed, even
in the case of Patino Mt. Thrust (center of the map,
Norcia area), where the saturation level of the basal
aquifer is below the thrust position. In this area the
thrust fault is not involved in the basal aquifer circula-
tion, but it could act as lower aquiclude of a perched
small aquifer hosted in the top of the relief. In the pro-
posed structural interpretation, the Patino Mt. Thrust
would be progressively lowered under the Norcia
Plain by the Norcia SW-dipping normal fault. Accord-
ing to this structural hypothesis, it is not possible to
deduce the position of the groundwater level in the
further south sector of the basal aquifer.

Most of the extensional faults reported in the Main
map may drive the groundwater flow directions, but
they do not seem to alter the continuity of the water
table. When these faults end in correspondence on
the tips due to the progressive decrease of their displa-
cement, or in correspondence of transfer zones they
can favor a hydraulic connectivity. This is the case of
the NW termination of the Norcia fault which mostly
acts as a hydraulic barrier keeping separate two basal
aquifer sectors, in the southern sector of the study
area, where has its maximum displacement, about
1000 m (Brozzetti & Lavecchia, 1994). While NW of
Norcia town, where it is transferred to the Campi-
Preci segment allows hydraulic continuity along a E–
W direction as also suggested by previous studies
(Petitta, 2011; Mastrorillo et al., 2020) (Figure 4).

5. Conclusion

The hydrogeological map presented in this study illus-
trates the spatial distribution of the main elements
characterizing the regional fractured aquifers of the
Sibillini Mts. carbonate system (Central Italy). It rep-
resents the situation prior to 2016 when the study
area was struck repeatedly by seismic events up to
Mw 6.5, that triggered complex hydrogeological
changes. The effect on the hydrogeological setting
due to the seismic crisis is not yet exhausted and scien-
tific research on this topic is still in progress. We
believe that in this general context, the hydrogeologi-
cal map proposed, besides illustrating the detailed
hydrogeological setting (scale 1:50,000), provides the
basis to compare the pre-earthquake setting with the
post-earthquake effects and to define their relation-
ships with the hydrogeological setting of the area.

The hydrogeological cross sections were realized
considering the consistency of the transversal and
longitudinal deep spatial relationship between the
aquifers, aquiclude and tectonic elements. This
pseudo-3D-dimensional view of the Sibillini Mts.
hydrogeological model allows to make realistic
assumptions on the most likely groundwater discharge
directions from the recharge areas to the springs and
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the hydrodynamic roles played by the main tectonic
elements.

The proposed model shows the importance of the
basal aquifer as the main regional groundwater reser-
voir and the local relevant availability of the ground-
water resource of the Scaglia calcarea aquifers.

The analysis of the results highlights some specific
situations in which the interpretative model is still
weak and not exhaustive. Above all, two aspects
need further investigations:

- the distinction between the recharge area of the basal
and the Maiolica aquifers

- the validation of the hydrostructural connection
between the southern recharge area and the
northern springs in the westernmost ridge of the
study area. This uncertainty did not allow to
draw the saturation level in one of the longitudi-
nal cross sections.

As a final comment, we want to emphasize the
effectiveness of the hydrogeological regional studies
in conjunction with geo-structural approaches, as
this work intended. The content of the present map,
combined with the information from the cross sec-
tions, provides a detailed framework in which the
hydrogeological features are validated by the geo-
structural factors.

Software

ESRI ArcGIS 10.1 was used for the production of the
original shapefiles. Hydrogeological cross sections
were realized using Coreldraw X3. Final editing of
the map was performed using Adobe Illustrator CS.
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