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A B S T R A C T   

The strong 1980 M6.81 Irpinia earthquake in Southern Italy critically damaged the Pavoncelli hydraulic tunnel. 
Based on geological, petrophysical and geomechanical investigations and seismological data, a multi-scale 
geological model was inferred. The detrital mode and key petrophysical properties (porosity, permeability, 
and nanopore volumes) data have been used for defining the water-reservoir potential of the arenitic successions, 
with a focus on defining the hydrogeological model. The model was then used to perform a novel back-analysis of 
the spatial distribution of the peak ground acceleration (PGA) caused by the 1980 earthquake accounting for site- 
effects in a robust manner. This analysis, which accounts for site-effects in a robust manner, shows high PGA 
values along the length of the Pavoncelli tunnel, which is located between the causative fault of the 1980 
earthquake in the vicinity of the epicenter. The main outcomes of the study are that: (1) the multi-scale and 
interdisciplinary approach developed in this study can be used in future studies in this and other areas, (2) the 
spatial 2D-3D geological model must be accounted for when analyzing distributed systems, (3) the hydro
geological model coupled with porosity data allows for reservoir analyses and (4) the complex tectonic envi
ronment in the area hosting the Pavoncelli tunnel plays a strong role in the analysis of the spatial distribution of 
PGA, creating the need for site-specific seismic microzonation studies and the evaluation of near-fault effects.   

1. Introduction 

In areas characterized by geological thrust belts and high seismic 
activity, the behavior of the site under dynamic conditions must be 
analyzed when planning underground infrastructures, such as distrib
uted hydraulic systems. Since underground infrastructures can suffer 
significant damage during severe earthquakes, it is necessary to evaluate 
their post-seismic performance to minimize the impact of seismic events 
on such systems. This is a particularly challenging task that requires a 
fully multidisciplinary approach that takes into account geological, 
stratigraphic, petrologic, petrophysics, geomechanics and 

seismotectonic aspects (Hashash et al., 2001; Wang et al., 2009). 
The evaluation of the post-seismic performance of distributed 

infrastructure systems, such as hydraulic tunnels, is crucial for the 
overall resilience of a community. Therefore, two relevant research 
topics that are increasingly popular within the international research 
community are: (1) data related to post-disaster reconnaissance of such 
systems, and (2) the critical re-analysis of such data (e.g. Kwak et al., 
2016; Durante et al., 2018; Zimmaro et al., 2019; Stewart et al., 2018). 
To perform such a critical investigation, three components are required: 
(1) post-earthquake reconnaissance data, (2) the spatial distribution of 
ground motion, and (3) a thorough interdisciplinary geological, 
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petrophysical, and geotechnical characterization. This characterization 
can be performed at different scales and resolutions. 

The peri-Mediterranean area is known for its high seismic hazard due 
to the active geodynamic context. Historically, the Southern Apennine 
sector, including the Irpinia and Lucania regions (Fig. 1), has experi
enced numerous high-magnitude seismic events in the last two cen
turies, as in 1826 (Basilicata VIII MCS; 5.7 Mw), 1851 (Vulture VIII-IX 
MCS; 5.6 Mw), 1853 (Irpinia IX MCS; 5.6 Mw), 1857 (Basilicata XI MCS; 
7.1 Mw), 1910 (Irpinia-Basilicata IX MCS; 5.7 Mw), 1930 (Irpinia X 
MCS; 6.7 Mw), 1962 (Irpinia IX MCS; 6.2 Mw), 1980 (Irpinia-Basilicata 
X MCS; 6.8 Mw) (Working Group, 2022), making it one of the areas with 
the highest seismic hazard in Italy, along with the Calabrian block. This 
is demonstrated by previous powerful earthquakes, such as the cata
strophic Irpinia-Lucania earthquake on November 23rd, 1980 (Moment 
Magnitude, M6.81, with an associated maximum intensity, Imax equal 
to X on the Mercalli-Cancani-Sieberg, MCS scale), which resulted in 
significant loss of human life and cultural heritage, as well as hydro
geological changes and severe structural damage to major civil engi
neering systems in the Irpinia sector, including the Pavoncelli hydraulic 
tunnel (Fig. 2). 

Constructed in 1911, the tunnel was located in the epicentral area of 
the 1980 M6.81 earthquake and suffered severe damage. This damage 
included sidewall and roof crushing, as well as vertical to transversal 
ruptures and cracks along most of its longitudinal extension (Cotecchia 
et al., 1990). Although the earthquake shaking was strong, the extent 
and magnitude of the damage may be attributed to ineffective engi
neering design protocols during construction and inadequate geological 
and geotechnical knowledge of the area, particularly pertaining to 
seismology, stratigraphy, tectonics, and geomorphology. 

Due to the extensive damage caused by the earthquake in 1980, the 

tunnel has remained closed ever since, resulting in significant issues 
with the water supply in the Apulia region. In recent years, new data has 
been collected to construct a replacement tunnel, the Pavoncelli-bis 
tunnel, which follows an almost parallel path to the original tunnel. 
The data collected during the excavation of the new subsurface tunnel, 
which was completed and tested in 2019, greatly helped in constraining 
the stratigraphic setting and complex geological structures of this sector 
of the Southern Apennine region, as described in Matano et al. (2020). In 
detail, the presence of quartzolithic arenaceous successions and volca
niclastic sandstones occur in key tectonic geostructures. The study area 
has well-documented arenaceous successions from the Early Miocene 
Corleto and Albanella Sandstones (in this paper named 
Albanella-Corleto Formation), as well as quartzoso-feldspathic arena
ceous successions from the late Miocene Castelvetere Formation (Barone 
et al., 2006; Matano et al., 2014, 2020; Critelli, 2018; Civitelli et al., 
2023a, 2023b; Critelli and Martín-Martín, 2022, 2024). These arenitic 
sequences, along with Pre-Numidian sandstones, are the primary for
mations encountered by the tunnel. 

The main aims of this paper are:  

• developing a new detailed geological and rock mechanics model 
useful for both back-analyzing the performance of the old tunnel and 
analyzing the near-fault seismic effects that can potentially affect the 
new tunnel in case of an earthquake;  

• presenting new petrophysical data that can be useful for defining the 
water-reservoir potential of arenitic successions, with a focus on 
defining the detrital mode and key petrophysical properties, such as 
porosity, permeability, and nanopore volumes (Kaczmarek et al., 
2015; Olanipekun and Azmy, 2016; Słowakiewicz et al., 2016; Perri 
et al., 2017; Borrelli et al., 2019) as a potential reservoir quality; 

Fig. 1. Geological sketch-map of the Southern Apennines with main historical earthquake epicenters (Working Group, 2022) and study area location (inset).  
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• performing a novel back-analysis of the spatial distribution of the 
peak ground acceleration (PGA) caused by the 1980 Irpinia-Lucania 
earthquake using the new data and model mentioned above. This 
analysis serves the purpose of unveiling regions with strong con
centrations of high PGA values, especially in the epicentral area and 
along the surface projection of both, the original and the newly 
constructed Pavoncelli tunnels. This information will help optimize 
the management of water reserves in the Pavoncelli-bis tunnel and 
will be the basis for site-specific microzonation studies. 

2. Geological and stratigraphic setting 

The southern Apennines are part of the western-central Alpine oro
gen within the circum-Mediterranean region having close structural and 
stratigraphic relations with the Betic Cordillera and the Rif-Tell chains 
(e.g. Critelli, 1993, 1999; Critelli et al., 2017, 2021; Critelli and Mar
tín-Martín, 2022, 2024; Criniti et al., 2023). 

The Southern Apennines form an arcuate belt, oriented NW/SE, 
resulting mostly from Neogene E-verging thrusting and folding of a 

Mesozoic passive margin and related oceanic sediments, which were 
folded, imbricated, and subjected to extensional tectonics (Casero et al., 
1988; Patacca and Scandone, 1989; Oldow et al., 1993; Iannace and 
Zamparelli, 2002). The deformation involved ancient Mesozoic-Tertiary 
palaeogeographic realms consisting of carbonate platforms and oceanic 
basins successions progressively stacked towards E and NE. During the 
Quaternary, the chain was fragmented by extensional activity by 
high-angle faults which are responsible for the seismicity that still 
characterizes various sectors of the Southern Apennine. 

2.1. Geological evolution of the Southern apennines 

The foreland region of the Southern Apennines (Figs. 1 and 2) con
tains clastic wedges made up of sandstone petrofacies from various and 
combined origins. These key provenance terranes are sourced from the 
northern edge of the Alps, the western edge of the Sardinia-Corsica 
block, and the eastern margin of the Mesomediterranean microplate 
(particularly the Calabrian terranes) at its western and southern edges 
(e.g. Critelli, 1993, 1999, 2018; Barbera et al., 2011; Corrado et al., 

Fig. 2. Geological map of the study area and earthquake epicenters of 1980-81 seismic sequence. Earthquake faults and epicenters after Westaway and Jackson 
(1980) and Pingue and De Natale (1993). 
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2019; Critelli and Martín-Martín, 2022, 2024; Criniti et al., 2023b; 
Martín-Martín et al., 2023; Criniti et al., 2023a, 2023b; Costamagna and 
Criniti, 2024). Additionally, the foreland sandstones originate from the 
progressively deformed Adria continental margin, and from the active 
volcanism in the central Mediterranean region since the late Oligocene 
(Critelli, 1993, 1999, 2018; Critelli and Le Pera, 1994, 1995a, 1995b, 
1998, 2003; Critelli et al., 2011, 2013, 2017, 2021; Perri et al., 2022; 
Critelli and Martín-Martín, 2022, 2024; Martín-Martín et al., 2023). 

From the early Miocene period onward, a large amount of dominantly 
deep-marine turbiditic strata were deposited in the Apennine domain as 
a response to E-NE accretionary processes taking place along the Adria 
plate (Ricci, 1986; Boccaletti et al., 1990; Critelli et al., 2018; Critelli, 
2018). 

The foreland basin system comprises wedge-top, foredeep, forebulge, 
and back-bulge depozones, which have shifted in both time and loca
tion. Siliciclastic and carbonatoclastic deposits filled the wedge-top and 

Fig. 3. Chronostratigraphic scheme of the geological units cropping out in the study area (modified by Pescatore and Pinto, 2016).  
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foredeep basins and were sourced from the progressive unroofing of 
crustal blocks from the Alps, Sardinia-Corsica, and Mesomediterranean 
microplate, as well as erosion of the Adria forebulge (Critelli, 1999, 
2018; Critelli et al., 2018; 2011, 2017; Criniti, 2023; Criniti et al., 2023a; 
Amendola et al., 2016; Stalder et al., 2018). During the early Miocene, in 
the late Burdigalian, continental accretion began in the southern 
Apennines after the closure of the eastern Tethyan ocean realm (Luca
nian ocean basin) (Critelli, 1993, 2018; Barbera et al., 2011; Critelli and 
Martín-Martín, 2022, 2024; Martín-Martín et al., 2023; Perrotta et al., 
2024). The detrital signatures in the foreland sandstones of the Miocene 
are primarily sourced from the eastern continental margin of the Mes
omediterranean microplate (Calabrian terranes), the obducted Tethyan 
ophiolitic units, and the deformed and thrusted western margin of the 
Adria plate (e.g. Critelli, 2018). These areas represent the active growing 
front of the fold-thrust belt as shown in Fig. 1. Active Cenozoic volca
nism in the central Mediterranean also contributes to the detrital sig
natures (Matano et al., 2020; Critelli et al., 2017, 2023). 

During the Tyrrhenian phase, which lasted 15 to 0 Ma, several pro
cesses occurred. These included the fragmentation and dispersion of 
portions of the Mesomediterranean plate (Calabria, Sardinia, and Cor
sica), increased displacement of the accretionary prism over the Adria 
plate, eastward migration of the magmatic arcs, and roll-back of the 
Adriatic lithosphere (Critelli, 1993, 2018; Brutto et al., 2016; Tripodi 
et al., 2013, 2018; Zecchin et al., 2020; Malinverno and Ryan, 1986; 
Patacca et al., 1990, 1993; Argnani et al., 1995; Doglioni et al., 1996; 
Gueguen et al., 1997, 1998). These processes led to the eastward 
migration (northeastwards in the northern Apennines and southeast
wards in Calabria and Sicily) of the Tyrrhenian back-arc basin at ve
locities of up to 5–7 cm/y in the most arcuate parts of the arc (Critelli 
et al., 2017; Doglioni et al., 1996; Gueguen et al., 1998). 

2.2. Stratigraphy 

The study area is located in the Southern Apennine sector between 
the Sele and Ofanto Rivers (Fig. 2). Matano et al. (2020) identified four 
tectonic units including those resulting from the deformation of different 
paleogeographic domains: internal units of the Sicilide basin domain 
(Variegated Clay Group), Apennine carbonate platform units (Mts. 
Picentini Mt. Marzano) and external units linked to the Lagonegrese 
basin domain (Frigento Unit) (Fig. 3). 

The Sicilide units comprise the Variegated Clay Group, which is 
composed of the Monte Sant’Arcangelo Formation (FMS), Argille Vari
colori Superiori (ALV), and by the siliciclastic deposits of the Albanella- 
Corleto Fm. (ABA), arranged from bottom to top. FMS is made up of 
350–400 m of marly limestones, graded and laminated calcarenites, 
dark clayey-silty marls and micaceous sandstones of Eocene-Late 
Oligocene age. Upwards FMS passes to clays with thin-layered lime
stones and marly limestones of the ALV unit of Oligocene-Aquitanian 
age. The latter contains a calcareous lithofacies (ALVc) that comprises 
thick-layered limestones, marly limestones, marls, calcarenites and 
calcareous-marly turbidites. The Variegated Clay Group concludes with 
approximately 80–100 m of thin layer brownish quartz-micaceous 
sandstones, yellowish and gray clayey marls, siltstones and blackish 
schists with veins of calcite belonging to the Burdigalian Formation of 
ABA. 

The Mts. Picentini and Mt. Marzano tectonic units consist of Meso
zoic carbonate successions, which are respectively internal and marginal 
portions of the Apennine Carbonate Platform. The Mts. Picentini suc
cession comprises a 1,000 m thick first dolomitic interval, represented 
by the Formation of the Upper Dolomia (DBS) with an age ranging from 
the Upper Triassic to the Lower Cretaceous. These dolomites pass up
wards to the typical Jurassic internal platform succession, comprising 
the Lias Limestones with Palaeodasycladus (CPL), followed by the 
Dogger Oolitic and Oncolytic Limestones (CDO), and concluding with 
the Cladocoropsis and Clypeina Limestones (CCM) of the Malm. In the 
south-eastern sectors of the Picentini Mts., the entire Jurassic interval is 

heteropic to the Limestone and Dolomite Limestones Formation (CLU). 
This formation is composed of approximately 400 m of light gray 
limestones, calcarenites, and calcilutites with gastropod shells in plat
form margin facies. Moving upwards, it transitions to the Lower Creta
ceous Formation of Requieniae and Gastropods Limestones (CRQ), 
which consists of around 450 m of limestone rich in bivalves and gas
tropods, as well as dolomite levels. Going upwards, we encounter two 
heteropic formations characterized by open carbonate ramp facies that 
evolve in an Upper Cretaceous-Paleocene slope environment. These 
formations are the Radiolitidae Limestone Formation (RDT) and the 
Biolithoclastic Limestone Formation with rudists (CBI), with a thickness 
of approximately 300 m. 

At Mt. Marzano, the carbonate platform margin succession first 
passes to Serravallian turbidite and hemipelagic deposits. These are 
formed by thinly stratified limestones and marls (Laviano Fm. - LIA) and 
have a thickness of about 100 m. The succession then continues to 
Tortonian calcirudites and calcarenites, which contain resedimented 
Nummulites and Alveolines, as well as layers of "Numidian" type sand
stones. This section has a thickness of 150 m (Mt. Sierio Fm. - SIE). 

The Frigento tectonic unit comprises calcareous-clastic and marly- 
limestone turbidite successions from both basinal and platform margin 
environments, dating from the Cretaceous to the Early Miocene. The 
lowest terms are represented by the Flysch Galestrino Formation (FYG), 
which is Upper Jurassic p. p. – Cretaceous in age. This formation passes 
upwards to a 500m thick interval of the Flysch Rosso Formation (FYR), 
which is Cretaceous-Lower Miocene in age. The Flysch Rosso Formation 
is composed of two members: the lower jasper member (FYR1) and the 
upper calcareous member (FYR2). The calcareous member is made up of 
thick beds of clastic limestones with clayey-marl interlayers. Moving 
upwards, the Flysch Rosso Formation gradually passes to the Numidian 
interval, which includes a pre-Numidian clayey-marl-calcareous portion 
that gradually gives way to the Numidian quartzarenites of the upper 
Burdigalian-Langhian age. 

The Castelvetere Formation (CVT) siliciclastic deposits rest uncon
formably on all previously described sequences. These Upper Tortonian - 
Lower Messinian turbidite deposits consist of sandstones and conglom
erates, about 250m thick. The upper part is characterized by a silty- 
clayey-marl lithofacies (CVTa) composed of yellowish quartz- 
micaceous sandstone, siltstones, and silty marls, which reach a thick
ness of 150 m (Critelli and Le Pera, 1995b). In the analyzed sector, there 
are two clastic successions of Pliocene age, the Andretta synthem (SAD) 
and the Ruvo del Monte Synthem (RVM), as well as one Quaternary 
succession named Conza della Campania Synthem (CZC). SAD consists 
of conglomerate and sandy deposits from continental and deltaic envi
ronments that pass to coastal and marine sands and clays. It has a 
thickness of 150 m and is of lower Pliocene age. The RVM is a 200 m 
thick unit of arenaceous-sandy-conglomerate deposits formed in a par
alic and continental environment during the middle-upper Pliocene. The 
CZC synthem is composed of terraced fluvial deposits located at various 
heights along the Ofanto River and Conza Lake. It has a thickness of 
approximately 10 m and is formed of gravels, sands, silts, and clays from 
the middle Pleistocene-Holocene. Finally, recent deposits are produced 
by various active geomorphic processes. These include slope debris, 
alluvial and fan deposits, and numerous landslide bodies (Conforti et al., 
2014). 

3. Methods 

Study methods include integrated geological, petrological, petro
physics, geotechnical and seismic analyses. 

Stratigraphic studies and detailed geological and structural mapping 
were carried out in an area of about 200 km2 (Matano et al., 2020). The 
lithostratigraphy of the studied geological units and biostratigraphic 
data were derived from Sheets No. 450 and 468 of the Geological Map of 
Italy (ISPRA - Servizio Geologico d’Italia; 2011a, b). The stratigraphic 
sections of the geologic units provide a detailed stratigraphic framework 

S. Criniti et al.                                                                                                                                                                                                                                   



Marine and Petroleum Geology 165 (2024) 106867

6

for petrographic, petrophysics and geotechnical analyses. Subsurface 
geological data were obtained by detailed stratigraphic and structural 
surveys conducted in some key sections of the tunnel, lithological ana
lyses of excavated materials supplemented by petrological analyses of 
rock samples collected along the tunnel profile, and stratigraphy anal
ysis of boreholes down to a depth of up to 350 m. These data have been 
summarized in a detailed geological cross section (Matano et al., 2020). 

The geotechnical model of the longitudinal section along the tunnel 
was reconstructed using the available geological data along with 
geotechnical investigation and geophysical data. Available geotechnical 
data used in this study are: (1) a total of 13 borehole logs with depths 
variable between 50 m and over 350 m; (2) geotechnical index prop
erties, and (3) standard laboratory test results for a large number of 
intact samples collected along the borings. Available geophysical data 
consisted of ten two-dimensional profiles from non-invasive seismic 
reflection tests. One of them provides data along a longitudinal profile in 
the N-NE sector along the terminal part of the tunnel, while the 
remaining nine profiles provide cross-sectional data in the same sector. 
The geotechnical data was used to define six notable cross sections along 
the tunnel. Units with common geotechnical properties were grouped 
together, making the number of these profiles manageable, while 
keeping robustness. Geophysical data was used in combination with the 
geotechnical data to define consistent soil stiffness values, by means of P 
and S wave variability with depth in the resulting stratigraphic profiles. 

A total of 28 thin-section sandstone samples coming from the 
Albanella-Corleto, Pre-Numidian, and Castelvetere formations were 
analyzed by point counting using a classic petrographic microscope 
(Zeiss Axioscope). The modal composition is defined using the Gazzi- 
Dickinson method (Ingersoll et al., 1984; Zuffa, 1985, 1987; Dick
inson, 1970) and the different types of grains are identified according to 
Dickinson (1970, 1985), Zuffa (1985, 1987), Critelli and Le Pera (1994), 
Critelli and Ingersoll (1995), Le Pera and Critelli (1997), Arribas et al. 
(2000), Marsaglia et al. (2016), and Critelli et al. (2023) as follow: 

• Quartz grains, that include monocrystalline quartz (Qm), poly
crystalline quartzose fragments (Qp) and total quartzose grains (Qt 
= Qm + Qp);  

• Fedspar grains (F), including both plagioclase (P) and K-feldspar (K);  
• Aphanitic lithic fragments (Lt), as sum of volcanic and metavolcanics 

(Lv and Lvm), sedimentary (Ls) and metasedimentary (Lm; that in
cludes Lsm as sum of Ls + Lm). Carbonate lithic fragments are here 
included in the Ls field (extrabasinal carbonate grains of Zuffa, 1985; 
Ingersoll et al., 1984; Zuffa, 1980; Critelli et al., 1990, 2007) since 
their common occurrence in the Apenninic sandstones detrital 
modes. 

The mercury injection technique was used to define the main pet
rophysical properties of sandstone samples. The test was conducted with 
a Micromeritics Autopore IV 9520 series porosimeter, with sandstone 
chunks of about 2–4 cm in size, dried in an oven at 60 ◦C for 24 h. The 
test was conducted at pressures ranging from 0.4 psi to 60,000 psi in 
order to study pores with diameters ranging from 400 to 0.003 μm ac
cording to the Washburn equation (Washburn, 1921). The results 
encompass petrophysical characteristics such as porosity, average pore 
diameter, and pore size distribution. Permeability was determined using 
the Katz and Thompson (1987) approach. The pore size fractions were 
defined according to the classification proposed by Loucks et al. (2012) 
as follow: nanopores (size smaller than 1 μm), micropores (1 μm - 62, 5 
μm) and mesopores (62,5 μm - 4 mm). 

As an example of the application of the geological study carried out 
following an interdisciplinary approach (geology, seismicity, petro
physics and geotechnics), we studied the spatial variability of ground 
motion intensity measures (IMs) along the Pavoncelli distributed in
frastructures systems. Recent studies recognized the importance of this 
type of analyses when analyzing their seismic response (e.g., Sextos 
et al., 2003; Durante et al., 2022). However, seismic analysis of spatially 

distributed systems, such as the Pavoncelli-bis tunnel, cannot be per
formed using code-based maps where the earthquake intensity measure, 
IM (typically the peak ground acceleration or velocity, PGA and PGV, 
respectively) comes from a probabilistic seismic hazard analysis (PSHA). 
This is because PSHA-based maps are the result of an ensemble analysis 
that comprises all possible fault ruptures (and associated IMs) in the 
area, weighted by means of earthquake recurrence relationships. Since 
such infrastructure systems are subjected to one earthquake event at a 
time, IM spatial distribution maps should be derived from scenario 
earthquakes (e.g., Han and Davidson, 2012; Miller and Baker, 2015; 
Zimmaro et al., 2018a,b; Wang et al., 2023). 

In this study, the 1980 Irpinia earthquake PGA spatial distribution 
map was reconstructed using recorded data, ground motion model 
predictions, and spatial correlation structures. This PGA map back- 
analysis was generated using a moment magnitude M6.81 on three 
fault segments: (1) Colliano, (2) Pescopagano, and (3) San Gregorio 
Magno. Geometric data of these fault segments are from the Italian 
Database of Individual Seismic Sources (DISS Working Group, 2021). 
This is a scenario that matches magnitude and rupture distances of the 
M6.81 November 23, 1980 Irpinia earthquake. The first step to develop 
a back-analyzed map of the spatial distribution of PGA was to calculate 
the lognormal residuals between recorded and estimated PGA values. In 
this analysis, the recorded values are those from the 11 recording sta
tions within 200 km from the Irpinia event epicenter available on the 
Engineering Strong Motion database (ESM; Luzi et al., 2020). Estimated 
PGA values were obtained as the average of the median predictions of 
the Italy-adjusted Boore et al. (2014), Campbell and Bozorgnia (2014), 
and Chiou and Youngs (2014) ground motion models (which are able to 
capture Italy specific features as shown by Zimmaro et al., 2018a,b; 
Regina et al., 2023). Then the event term for the event was obtained, and 
the resulting within-event residuals, at each recording station location, 
were calculated (e.g. Zimmaro et al., 2018a,b for more details on this 
approach). The within-event residuals were then estimated across the 
analyzed area, using a Kriging approach that captures the inherent 
randomness of ground motion spatial variability by means of a global 
correlation model (Jayaram and Baker, 2009). Site-response effects are 
accounted for in a site-specific but ergodic manner, using the 
time-averaged shear wave velocity in the upper 30m (VS30) as a proxy in 
the GMM to capture such effects (Mori et al., 2020), based on geological 
and geotechnical data. 

4. Results and discussion 

4.1. Petrography and petrophysics 

The petrographic and porosimetric analysis were performed on the 
main sedimentary formations intercepted by the Pavoncelli-bis tunnel 
(Borrelli et al., 2020), in order to provide their crucial petrographic and 
petrophysical features. These formations are characterized by turbiditic 
sandstone deposits preserved both in the subsurface and on land with 
greatly exposed outcrops. The investigated formations are the 
Albanella-Corleto, Pre-Numidian/Numidian and Castelvetere 
Formations. 

The analysis of sandstone composition involved the examination of 
21 sandstone samples gathered from stratigraphic sections cropped in 
correspondence with the tunnel segment. Matano et al. (2020) provided 
an overview of the principal compositional characteristics, along with 
the raw data from point-counting analyses, of the formations selected for 
the study. The sandstone samples subjected to analysis include (i) the 
quartzolithic sandstone from the Albanella-Corleto Formation (ABA), 
(ii) the quartzofeldspathic sandstones of the Castelvetere Formation 
(CVT), and (iii) the quartzose and hybrid arenites of the pre-Numidian 
and Numidian Sandstone Formation (Fig. 4). 

4.1.1. Albanella-Corleto Formation (Quartzolithic petrofacies) 
The Albanella-Corleto Formation (Fig. 4) exhibit high amount of 
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quartz and lithic grains (Qm60 F13 Lt26), with minor amounts of feld
spars, mostly plagioclase. Aphanitic lithic fragments (Lm42 Lv31 Ls27) 
include various types such as metavolcanic (such as serpentinite and 
serpentine schist), volcanic (mainly microlitic and felsitic textures), 
abundant metasedimentary (including phyllite, schist, minor quartzite, 
and fine-grained schist), and sedimentary (micritic to sparitic limestone 
grains and radiolarian chert) grains. The numerous metasedimentary 
fragments in this petrofacies originate from the Calabrian Terranes low- 
to-medium grade metamorphic Paleozoic sections. The volcanic lithic 
fragments derived from coeval active volcanism located to the west, 
specifically the Sardinia magmatic arc (Critelli, 2018), and their texture 
suggests an andesitic to dacitic volcanism (Perri et al., 2012a,b; Fornelli 
et al., 2022). Metavolcanic fragments relate closely to the accreted 
oceanic terranes of the Lucanian Oceanic Unit obducted during the 
deposition of the Albanella-Corleto Formation (e.g. Critelli, 1993, 2018; 
Critelli, 1993, 2018). Sedimentary detritus may have originated from 
various source terranes, including the Mesozoic sedimentary covers of 
the Paleozoic metamorphic units, sedimentary strata of the accreted 
oceanic terranes, and basinal and carbonate platform units of the 
Apenninic unit’s internal portions (Critelli, 2018; Critelli et al., 2011, 
2013, 2017). Interstitial components consist mostly of authigenic car
bonate (primarily calcite), which fills pores or replaces framework 
grains, detrital siliciclastic matrix, and quartz overgrowth (Civitelli 
et al., 2023a, 2023b). Other authigenic phases include small amounts of 
illite-kaolinite cements and clay coats. 

A total of 16 specimens from the Albanella-Corleto Formation were 
analyzed for porosity. Sandstone samples exhibit a various range of 
porosity values spanning from 0.7% to 8.3%, with an average porosity of 
4.7%, a median of 4.6%, and a standard deviation of 2.5. The perme
ability displays a broader spectrum, ranging from 1.4 mD to 779.6 mD, 
with an average permeability of 215.3 mD, a median of 181.7 mD, and a 
standard deviation of 210 (Table 1). However, it is noteworthy that only 
five samples (17SC-1028, 17SC-1030A, 17SC-1032, 17SC-1034, 17SC- 
1035) has permeability values exceeding 300 mD. If we exclude these 
samples from the analysis, the average permeability decreases to 102.5 
mD, the median drops to 92.5 mD, and the standard deviation is 
significantly reduced to 91.3. Concerning the average pore diameter 
values, they range from 0.1 μm to 62.4 μm, with an average of 4.3 μm, a 
median of 0.1 μm, and a standard deviation of 15.5 (Table 1). 

Only three samples (17SC-1030A, 17SC-1030B, B-15) exhibit pore 

diameters exceeding 0.3 μm. These samples contribute to the substantial 
divergence observed between the average and median values, as well as 
the elevated standard deviation. Excluding these three samples, the 
average pore diameter becomes 0.1 μm, the median remains at 0.1 μm, 
and the standard deviation decreases to 0.1. The plotted data show
casing log differential intrusion (mL/g) versus pore diameter (μm) 
exhibit similar curve patterns for the entire dataset. For most samples 
(17SC-1026, 17SC-1027, 17SC-1031, 17SC-1032, 17SC-1036 and 17SC- 
1038), the curves feature a prominent peak centrally located near the 1 
μm value, accompanied by secondary peaks shifted towards larger pore 
sizes of 100 μm or higher (Fig. 5 A, B). A different trend characterizes 
samples 17SC-34 and 17SC-35 (Fig. 5 C), showing a plurimodal pore size 
distribution as well, but with the main peak near to 10 μm value of pore 
diameter. In addition, samples characterized by a very low volume of 
nanopores (0–10%) display unimodal trends of pore diameter (ranging 
from 100 to 1000 μm), as exemplified by the 17SC-1030A and 17SC- 
1030B specimens (Fig. 5 D). Conversely, samples significatively domi
nated by nanopore showcase a principal peak above the 1 μm threshold, 
as observed in the 17SC-1027 (67.4% of nanopores). In fact, the posi
tioning of the principal peak offers insights into the predominant pore 
fraction within each sample. The diagrams illustrating total intrusion 
(%) versus pore diameter (μm) show that the sandstone samples derived 
from the Albanella-Corleto Formation encompass a combination of 
nanopores and micro + mesopores, exhibiting varying relative distri
butions (Fig. 6). The data indicate the presence of nanopores volume 
ranging from 0% to 71%, with an average of 40%, a median of 44%, and 
a standard deviation of 21.5. These findings suggest a general preva
lence of micro + mesopores over nanopores, as only four samples (17SC- 
1027, 17SC-1028, 17SC-1029, B-13) showcase a nanopore volume 
exceeding 50%. 

Fig. 4. Ternary compositional plot Qm: monocrystalline quartz; F, feldspars 
(Fk + Fp); Lt, aphanitic lithic fragments, of the Corleto, Castelvetere and pre- 
Numidian and Numidian sandstone formations. 

Table 1 
Mercury intrusion porosimetry analysis for sandstones of the Corleto Formation.  

Sample Porosity 
(%) 

Permebility 
(mD) 

Average 
pore 
diameter 
(μm) 

Micro +
Mesopores 
volume (%) 

Nanopores 
volume (%) 

17SC- 
1026 

3.92 234.21 0.12 52.41 47.59 

17SC- 
1027 

3.24 25.36 0.07 32.58 67.42 

17SC- 
1028 

8.15 429.22 0.10 43.37 56.63 

17SC- 
1029 

2.65 171.73 0.10 38.82 61.18 

17SC- 
1030A 

1.14 409.26 2.37 89.53 10.47 

17SC- 
1030B 

0.71 194.66 62.38 100 0 

17SC- 
1031 

4.87 92.52 0.21 54.86 45.14 

17SC- 
1032 

6.42 338.74 0.12 52.94 47.06 

17SC- 
1033 

4.26 36.41 0.13 55.84 44.16 

17SC- 
1034 

8.31 779.59 0.24 72.6 27.40 

17SC- 
1035 

7.42 361.12 0.12 58.95 41.05 

17SC- 
1036 

5.13 5.10 0.17 60.10 39.90 

17SC- 
1037 

7.12 173.68 0.14 67.10 32.90 

17SC- 
1038 

3.69 189.73 0.16 52.08 47.92 

B-13 6.98 2.69 0.07 28.30 71.70 
B-15 1.89 1.43 2.40 100 0 

Average 4.74 215.34 4.31 59.97 40.03 
Median 4.56 181.71 0.14 55.35 44.65 
Standard 

Dev. 
2.47 210.02 15.51 21.57 21.57  
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4.1.2. Pre-Numidian and numidian sandstone formations (hybrid arenite 
and quartzarenite petrofacies) 

The Numidian Sandstone (Fig. 4) is composed mainly of quartz 
(Qm95 F5 Lt0), with minor amounts of feldspar, which is predominantly 
plagioclase. Aphanitic lithic fragments are rare or not present. The 
quartz grains are mostly monocrystalline and exhibit good rounding. A 
few dense minerals such as zircon, tourmaline, and rutile are present and 
are ultrastable. Hybrid arenites of the pre-Numidian Sandstone Forma
tion are a sub-petrofacies that is rich in carbonate, with abundant quartz 
and extrabasinal carbonate lithic grains. There are many intrabasinal 
carbonate particles, including bioclasts such as planktonic forams and 
sponges, as well as minor peloids and intrabasinal non-carbonate glau
conite grains. The high abundance of well-rounded quartzose detritus in 
both the pre-Numidian and Numidian Sandstone Formations has been 
interpreted as a significant influx of sand-sized quartz derived from the 
African continental margin (Guerrera et al., 2012; Alcalà et al., 2013; 
Belayouni et al., 2023; Critelli, 2018; Fornelli et al., 2015; Barbera et al., 
2011; Thomas et al., 2010). Carbonate cements are widespread and 
occur mainly as pore-filling calcite, with minor replacement of frame
work grains. Hybrid arenites of the pre-Numidian Sandstone (Fig. 5) 
contain abundant micrite matrix and an early stage of authigenic calcite 
and Fe-carbonate. Calcitization of Fe-carbonates, including early sider
ites and late Fe-dolomite and ankerite, can be inferred from the presence 
of euhedral ghost textures and impurities of Fe-oxides, respectively. 

Six representative samples from the Pre-numidian sandstones For
mation were analyzed by using the mercury injection porosimetry. The 
examined samples exhibit varying porosity values, ranging from 1.4% to 
13%, with an average of 5%, a median of 3.9%, and a standard deviation 
of 4.3 (Table 2). In terms of permeability, the measured values span from 
0.6 mD to 287.5 mD, with an average permeability of 130.2 mD, a 
median of 122.3 mD, and a standard deviation of 121.4 (Table 2). 
Notably, the average pore diameters of all samples remain below 0.2 μm, 

varying from 0.02 μm to 0.2 μm, with an average of 0.1 μm, a median of 
0.04 μm, and a standard deviation of 0.1 (Table 2). The log differential 
intrusion (mL/g) versus pore diameter (μm) diagrams, reveal a combi
nation of unimodal and plurimodal trends (Fig. 7). 

Specifically, samples 17SC-1039 and 17SC-1041 exhibit unimodal 
curves, where the principal peak appears at a diameter of 0.02 μm, 
indicating a dominant presence of nanopores within these samples 
(Fig. 7 A, C). In contrast, samples 17SC-1040 and 17SC-1042 display 
plurimodal trends, characterized by major peaks observed at values of 
10 μm (17SC-1042) or exceeding 300 μm (17SC-1039), suggesting a 
prevalence of micro + mesopores (Fig. 7 B, D). Furthermore, the plots 
showing the total intrusion (%) versus pore diameter (μm) (Fig. 8) and 
the data provided in Table 2 detect the dominance of nanopores in 
samples 17SC-1039 and 17SC-1041, both exhibiting nanopore volume 
of ca. 77%. Samples 17SC-1042 and 17SC-1040 instead, showcase 
nanopore volumes of 29% and 37%, respectively (Table 2). Overall, the 
average nanopore volume across all samples is calculated to be 66%, 
with a median of 77% and a standard deviation of 26.8. 

4.1.3. Castelvetere Formation (Quartzofeldspathic/Arkose petrofacies) 
The Castelvetere Formation is rich in quartz and feldspars, mostly 

plagioclase (Qm51 F32 Lt15; Fig. 4), while lithic fragments are not 
common. The aphanitic lithic grains include mainly metasedimentary 
and sedimentary, with minor volcanic and ophiolitic lithic particles 
(Lm47Lv7 Ls46). The sedimentary lithic fragments are mainly extra
basinal carbonate fragments, mostly Jurassic to Lower Tertiary pelagic 
and shallow-marine carbonate fragments, and minor radiolarian chert, 
shale and siltstone fragments. Ophiolitic detritus includes serpentinite 
and serpentine-schist, while volcanic lithic fragments are rare and have 
a felsitic granular texture (e.g. Critelli et al., 2023). Phaneritic rock 
fragments consist of plutonic and metamorphic detritus. Plutonic 
detritus mainly consists of quartz-plagioclase-biotite particles of 

Fig. 5. Scatter plots showing the relationship between pore diameter (μm) and log differential intrusion (mL/g) for the most representative samples from the 
Corleto Formation. 
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granodioritic to tonalitic compositions, and minor quartz-K-feldspar 
composite grains of granite composition. Metamorphic detritus con
sists of quartz-plagioclase-sillimanite, and quartz-plagioclase- 
garnet-sillimanite composite grains of gneiss and micaschist. The 
abundant metamorphic and plutonic detritus derive from the meta
morphic and plutonic Paleozoic sections of the Calabrian Terranes 
(Critelli, 1993, 2018; Critelli and Le Pera, 1995a, 1995b, 1998; Critelli 
et al., 2011, 2013, 2017). Sedimentary detritus may come from the 
Mesozoic sedimentary covers of the Paleozoic metamorphic-plutonic 
terranes, and from sedimentary strata of the basinal and carbonate 
platform units of the internal portions of the Apenninic units (Critelli, 
2018), Ophiolitic fragments are closely related to thrusted oceanic ter
ranes of the Lucanian Oceanic Unit (Critelli, 1993, 2018). Carbonate 
pore-filling cement is the most common diagenetic component in these 
sandstones. Patchy calcite cement is often found as iron-rich calcite 
formed by calcitization of older ankerite and dolomite. This cement 
likely formed late, as it mostly occurs in well-compacted sandstone. The 
partial dissolution of feldspar generates most of the authigenic clay 

minerals, minor overgrowths of authigenic feldspars (Critelli and Nilsen, 
1996; Caracciolo et al., 2014; Civitelli et al., 2023b; Khan et al., 2024), 
and secondary porosity. Siliciclastic and minor carbonate matrix 
(micrite) are also present. 

The mercury injection analysis was conducted on six sandstone 
samples of the Castelvetere Formation. The porosity measurements 
exhibited a considerable range, spanning from 6.4% to 25.6%, with an 
average of 11.7%, a median of 9.6%, and a standard deviation of 7 
(Table 3). Only one sample (B-01) demonstrated a significantly higher 
porosity value of 25.6%. Upon excluding this sample from the analysis, 
the average porosity decreased to 8.9%, while the median remained 
relatively consistent at 9.2%. Further, the standard deviation exhibited a 
substantial reduction, reaching 1.6. In contrast to the Albanella-Corleto 
and Pre-Numidian suites, the permeability values within the Castelve
tere Formation were notably lower, displaying a limited range of vari
ation. Permeability values ranged from 2.8 mD to 9 mD, with an average 
of 5.7 mD, a median of 4.8 mD, and a standard deviation of 2.7 (Table 3). 
Similarly, the mean pore diameter values range from 0.04 μm to 0.2 μm, 

Fig. 6. Scatter plots of Total intrusion volume (mL/g) versus pore diameter (μm) for the 16 samples from the Corleto Formation.  
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with an average of 0.1 μm, a median of 0.1 μm, and a standard deviation 
of 0.05 (Table 3). The plots of log differential intrusion (mL/g) versus 
pore diameter (μm) (Fig. 9) display the presence of both plurimodal 
trends across the entire dataset. These trends were characterized by the 
variable location of principal and secondary peaks within the dimen
sional classes of nanopores and micro + mesopores. Further evidence of 
these findings was obtained from the plots illustrating total intrusion 
(%) versus pore diameter (μm) (Fig. 10) and the accompanying data in 
Table 3. Specifically, within the dataset of the Castelvetere Formation, 
two samples were predominantly dominated by nanopores (B-05 and B- 
10), while the remaining four samples were characterized by a domi
nance of micro + mesopores. The volume of nanopores within the 

dataset range from 30% to 60%, with an average nanopore volume of 
44%, a median of 43%, and a standard deviation of 12.4. 

4.1.4. Petrography and petrophysics considerations 
The investigation of petrophysical parameters (porosity, perme

ability, average pore diameter, micro-meso and nanopore volume) has 
revealed significant variability among the three formations considered 
(Fig. 11). Porosity values were generally low across all formations, with 
the Castelvetere Formation exhibiting the highest porosity, averaging 
11.7% and a median of 9.6%. In contrast, the Albanella-Corleto For
mation had lower average (4.7%) and median (4.6%) porosity, while the 
Pre-Numidian Formation displayed values of 5% in average and 3.9% in 
median (Tables 1–3). Conversely, permeability values were generally 
high in the Albanella-Corleto and Pre-Numidian Formations. The 
Albanella-Corleto Formation exhibited an average permeability of 215.3 
mD and a median permeability of 181.7 mD. In comparison, the Pre- 
Numidian Formation had average and median permeability values of 
130.2 mD and 122.3 mD, respectively. Surprisingly, despite its high 
porosity, the Castelvetere Formation showed significantly lower 
permeability, with average and median values of only 5.7 mD and 4.8 
mD, respectively (Tables 1–3). Average pore diameters were consis
tently below the 0.2 μm limit across all formations, as indicated by the 
median values. However, there were notable variations in the average 
pore diameter (A) values. For instance, the Albanella-Corleto Formation 
exhibited an average pore diameter of 4.3 μm. Similar variations were 
observed in permeability and porosity, albeit to a lesser extent. These 
discrepancies can be attributed to samples with exceptionally different 
values compared to the overall trend within their respective formations, 
as evidenced by high standard deviations (SD). To mitigate the influence 
of these outliers, three samples with significantly higher average pore 
diameters were excluded from the calculation of the average (A) and 
median (M) values. As a result, the average pore diameter underwent a 

Table 2 
Mercury intrusion porosimetry analysis of the Pre-Numidian sandstones.  

Sample Porosity 
(%) 

Permebility 
(mD) 

Average 
pore 
diameter 
(μm) 

Micro +
Mesopores 
volume (%) 

Nanopores 
volume (%) 

17SC- 
1039 

1.86 92.46 0.02 22.87 77.13 

17SC- 
1040 

1.43 152.05 0.07 62.68 37.32 

17SC- 
1041 

4.54 247.07 0.03 22.86 77.14 

17SC- 
1042 

6.06 287.53 0.16 70.95 29.05 

B-03 3.34 0.59 0.04 7.20 92.80 
B-06 13.03 1.65 0.04 13.10 86.90 

Average 5.05 130.22 0.06 33.28 66.72 
Median 3.94 122.25 0.04 22.87 77.14 
Standard 

Dev. 
4.27 121.36 0.05 26.79 26.79  

Fig. 7. Scatter plots showing the relationship between pore diameter (μm) and log differential intrusion (mL/g) for the most representative samples from the Pre- 
numidian sandstones. 
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Fig. 8. Scatter plots of Total intrusion volume (mL/g) versus pore diameter (μm) for the Pre-numidian sandstone samples.  

Table 3 
Mercury intrusion porosimetry analysis for sandstones of the Castelvetere Formation.  

Sample Porosity (%) Permebility (mD) Average pore diameter (μm) Micropores volume (%) Nanopores volume (%) 

B-01 25.58 9.06 0.12 69.50 30.50 
B-02 9.22 8.85 0.09 66.70 33.30 
B-04 6.41 4.41 0.18 56.80 43.20 
B-05 10.52 5.28 0.04 39.10 60.90 
B-08 9.94 3.59 0.18 56.10 43.90 
B-10 8.34 2.79 0.11 42 58 

Media 11.67 5.66 0.12 55.03 44.97 
Median 9.58 4.85 0.11 56.45 43.55 
Dev. Standard 6.97 2.68 0.05 12.44 12.44  

Fig. 9. Scatter plots showing the relationship between pore diameter (μm) and log differential intrusion (mL/g) for the most representative samples from the 
Castelvetere Formation. 
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substantial reduction from 4.3 μm to 0.1 μm, while the median remained 
relatively unchanged at 0.1 μm. Furthermore, the standard deviation 
was significantly reduced from 16.6 to 0.1 after excluding these samples. 

Overall, the petrophysical analysis unveils considerable variability in 
porosity, permeability, and average pore diameter among the forma
tions under investigation, underscoring the complex nature of their 
petrophysical properties. 

4.2. Geological model of the tunnel area 

Data obtained from the field geological surveys and the subsurface 
geological and geotechnical investigations (tunnelling, geophysical 
surveys and boreholes), integrated by petrological analyses of arenitic 
samples, have allowed the construction of a detailed geological profile 
(Fig. 12), showing complex stratigraphic structures and tectonic pat
terns in three main distinct structural sectors (Matano et al., 2020). 

A Late Cretaceous formation (CBI fm.) belonging to the Mt. Lattari 
carbonate tectonic unit is unconformably overlain by Late Miocene 
arenaceous-clayey successions (CVT Fm.) in the western sectors between 
the Caposele springs and the 655 m of the tunnel. The stratigraphic 
sequence is faulted with horst and graben structures caused by Qua
ternary NW-SE trending normal faults. 

The geological profile shows a large central sector from 655 m to 

7700 m, characterised by the presence of complex structures, mainly 
involving the Sicilide unit. In the first part (665 m–5400 m), different 
lithofacies of the Monte Sant’Arcangelo Fm (FMS) are present, locally 
covered by the unconformable deposits of the Castelvetere Fm (CVT). 
The stratigraphic sequence is strongly folded and faulted by NW-SE 
trending high-angle normal faults. In the central area, corresponding 
to the tunnel interval between 4200 m and 5400 m, there is a back- 
thrusting of the Frigento unit onto the Sicilide unit, where a 150 m 
thick calcareous-clastic sequence of the calcareous member (FYR2) of 
the Flysch Rosso Fm. forms a small calcareous ridge tectonically over
lying the calcareous-pelitic poly-folded sequences of the Monte San
t’Arcangelo Fm. (FMS), recognized along the tunnel. 

The thrust surface is cut by NE-dipping high-angle normal faults 
where the large and complex Buoninventre landslide (Cotecchia et al., 
1986) was reactivated after the 1980 earthquake and is still partially 
active. The tectonic structures are more complex in the last part of this 
central sector, between 5400 m and 7760 m. Two thrust planes, which 
cross the tunnel at about 5400 m and 6200 m, affect the entire strati
graphic sequence of the Sicilide unit. This thrust plane is cut and dis
placed by subvertical normal faults and interrupted by a major normal 
fault at 6200 m. These normal faults in the tunnel contain about 100 m 
of Early Miocene arenite (ABA). The latter fault divides the described 
tectonic structure by another structural sub-sector. It is characterised by 

Fig. 10. Scatter plots of Total intrusion volume (mL/g) versus pore diameter (μm) for the Castelvetere Formation samples.  

Fig. 11. Bar-graph showing the median values of the petrophysical parameters investigated.  
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the thrusting of a folded sequence of FMS, ALV and CVT units (hanging 
wall) onto a sequence of ALV and CVT units (footwall). The area is 
characterised by a thick sequence (200–300 m) of late Miocene arenites 
(CVT). A number of normal faults cut through the stratigraphic sequence 
and further displace the thrust plane. 

The eastern sector of the geologic profile, between 7.700m and 
10.220m, is dominated by simpler tectonics and a completely different 
stratigraphy. A major normal fault cuts the thrust surface of the Frigento 
unit onto the Sicilide unit, which is traversed by the tunnel at 7800 m. 
The Frigento unit is formed by the thick calcareous-argillaceous 
sequence of the Flysch Rosso Fm. (FYR, FYR2), which includes pre- 
Numidian strata in the top part. A number of high-angle normal faults, 
mainly with a NNW-SSE orientation, have produced horst and graben 
structures. At about 8925 m, the unconformity basal contact of the 
Pliocene stratigraphic sequences (RVM synthem) is preserved on the 
Frigento unit. There is little deformation of the sandy-silty RVM 
sequence. 

Utilizing the described geological data, geotechnical information 
from laboratory tests and field investigation data and geophysical test 
results, six summary stratigraphic profiles were identified and mapped 
along the geologic cross section shown in Fig. 12. The bottom of the 
profiles coincides with the Pavoncelli-bis tunnel bottom elevation. 
Moving West-to-East the first two profiles (labelled as SPB3 and NP2, 
after the codes of the two co-located borings) are shallower than 100 m 
and characterized by the presence of shallower layers of the CVT for
mation, which is in turn founded on limestone belonging to the CBI 
formation. The third profile (co-located with the SV2 boring) is 100 m 
deep and is characterized by clayey successions belonging to the FMS- 
ma-arg formation, overlying marls belonging to the FMS-cal-ma for
mations. The fourth profile, which is also the deepest does not have any 
co-located boring log. As a result, its reconstruction was performed using 
geological and geophysical data only. It is characterized by more than 
110 m of materials belonging to the FYR formation which overlies a 
40m-thick layer of the FMS-arg formation, which is in turn founded on 

the deeper FMS-cal-ma formation, already encountered in the SV2 
profile. The fifth profile (SV1) has a shallower 11m-thick layer of clay 
belonging to the ALV formation, which overlies deeper marly layers of 
the FMS-cal-ma and ALV formation. The sixth and last profile we 
reconstructed is the Easternmost stratigraphic profile and belongs 
entirely to the FYR formation for 113 m. Combining available P-wave 
velocity measurements from geophysical bi-dimensional profiles, 
geotechnical data, and the proxy-based surface VS30 values utilized in 
the back-analysis of the Irpinia earthquake ground motion spatial dis
tribution map presented in a previous section, we also attempted at 
assign average VS profiles to each stratigraphic profiles. Such assign
ments are variable with depths and depart from an average VS30 value in 
the upper layer corresponding to 450 m/s. This value increases with 
depth and reaches a limiting value of 3500 m/s for the intact rocks 
below 300m of depth. 

4.3. Hydrogeological model and implication for reservoir 

The hydrogeological model in the study area is particularly chal
lenging to define due to the significant physical and geometrical het
erogeneity of the aquifers and the geological-structural complexity of 
the mountain massif. The area exhibits considerable contrasts in 
permeability within relatively limited spaces, preventing the formation 
of a single aquifer. In detail, the three geological-structural sectors 
(western, central, eastern) described along the tunnel profile (Fig. 12) 
correspond to three different hydrogeological and hydro-structural 
models. 

In the first sector, a substantial hydro-structure is present, 
comprising carbonate complexes characterised by a high degree of 
permeability due to fracturing and karst, which feed the relevant base 
aquifer linked to the Caposele Sanità spring. The high state of fracturing, 
in conjunction with the presence of karst wells and sinkholes, allows for 
rapid water transit times between the surface and the deep aquifer. 

In the second sector, the hydro-structure is formed by clayey-marly 

Fig. 12. Detailed geological section along the Pavoncelli-bis tunnel profile, along with geotechnical stratigraphic profiles for six notable cross sections (mod. after 
Matano et al., 2020). The y-axis of the stratigraphic logs is out of scale. Legend: a) Sicilide unit - Monte S. Arcangelo Fm. (FMS) with four lithofacies: FMS-arg 
(argillaceous lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies), and FMS-cal-ma (calcareous-marly lith
ofacies), Argille Varicolori Superiori Fm. (ALV) and calcareous lithofacies (ALVc), Albanella/Corleto unit (ABA); b) Mt. Picentini unit - bio-litoclastic rudist limestone 
fm. (CBI); c) Frigento unit - Flysch Rosso Fm. (FYR) and limestone member (FYR2); synorogenic units - Castelvetere Formation (CVT), Ruvo del Monte Synthem 
(RVM); Quaternary units - Conza della Campania synthem (CZC), landslide deposits (a1). 
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and calcareous-marl lithotypes, which exhibit a very low to medium- 
high degree of permeability. Complex hydrogeological structures are 
present, locally due to the several tectonic discontinuities (normal and 
transcurrent faults) and the low-angle tectonic surfaces (thrusts) linked 
to narrow folds. The structural configuration has resulted in the for
mation of discontinuous hydrogeological structures that vary in terms of 
lithological composition, morphology, porosity, and water content. The 
hydrogeological model encompasses suspended multi-layer aquifers. 

In the third sector, the hydro-structure is characterised by a very 
severe state of tectonism, due to the intersection of NW-SE and NE-SW 
fault systems. In correspondence with this sector, various sandstone 
blocks belonging to both the Castelvetere and the Corleto-Albanella 
Formations have been incorporated into the formation of the Varie
gated Clay (ALV), confirming the high state of structural complexity 
existing in the rock mass. In addition, the hydrogeological characteris
tics of the rock complexes present in this sector are typical of multi-layer 
aquifers with a very low to medium degree of permeability. The waters 
contained in the arenaceous rocks, which have a medium-high degree of 
permeability, do not form extensive aquifers as they are confined in the 
predominantly clayey deposits of the Variegated Clay, although they 
represent a significant reservoir. 

The methane hazard evaluation is of paramount importance, given 
that the Pavoncelli bis tunnel crosses geologically complex and seismi
cally active mountain belt areas. Gas emissions are typically character
ized by a non-uniform distribution, which is strongly related to the main 
tectonic structures. 

4.4. PGA scenario analysis for the 1980 M6.81 earthquake 

Distributed infrastructure systems are often vulnerable to earthquake 
damage and their performance is crucial to make communities more 
resilience following strong earthquake events. As a result, the seismic 
risk analysis of such infrastructure systems becomes of paramount 
importance for decision makers and other stakeholder. 

Using the approach explained in section 3.3, the PGA spatial distri
bution map for the M6.81 November 23, 1980 Irpinia earthquake was 
generated. Fig. 13 shows the spatial variability of surface PGA values in 

the epicentral area, along with surface fault rupture features, and the 
surface projection of the three fault segments causing the earthquake. 
Also shown in Fig. 13 is the surface projection of the Pavoncelli-bis 
tunnel. As it is possible to notice, the Pavoncelli-bis tunnel is located 
in between the two main causative faults (one dipping west, one dipping 
east), where the strongest shaking took place. 

In the larger epicentral area, predicted surface PGA values range 
between 0.1 g and 0.44 g. This spatial variability is caused by three main 
effects: (1) variable soil and geologic characteristics along the tunnel 
surface projection, and (2) the distance scaling embedded in the GMM 
utilized to produce the scenario and recorded in the area, and (3) the 
inherent randomness of earthquake shaking spatial variability. Along 
the Pavoncelli-bis tunnel surface projection, PGA values range between 
0.39 g (in the Eastern portion of the tunnel) and 0.44 g in the Western 
portion of the tunnel, close to the main fault segment surface projection. 

5. Conclusions 

A novel geological and petrophysical model for the area hosting the 
Pavoncelli-bis hydraulic tunnel in the Irpinia-Lucania region of the 
Southern Apennines is presented and discussed. The multi-disciplinary 
and updated datasets have allowed getting new insights on the tec
tonic and stratigraphic architecture in the Irpinia sector of the southern 
Apennines foreland basin system units and timing of its kinematic 
evolution. The southern Apennines has connections and similarities with 
Betic, Rif-Tell and Alpine orogens, so similar problems to those under
gone by this tunnel can occur in these regions. 

In the studied area, the orogenic and tectonic events have almost 
completely hidden the original geometric relationships between the 
different geological units. The complexity of the geological structures 
and the mainly pelitic and calcareous nature of the lithologies present 
made it very difficult to reconstruct the geological structures crossed by 
the tunnel. 

The geological and geo-structural complexity characterizes the tun
nel area geology. The geological and geotechnical subsurface model of 
the area crossed by the tunnel describes a very complex geological 
structure due to the late Miocene-Pliocene compressive tectonics and 

Fig. 13. Back-analyzed PGA spatial distribution map of the 1980 M6.81 Irpinia earthquake, along with causative fault segments, observed surface fault rupture, and 
the surface projection of the Pavoncelli-bis tunnel. The epicenter location coincides with the position of the focal mechanism diagram (beach ball plot) representing 
the event’s moment tensor solution. 
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subsequent Quaternary normal faulting. The tunnel primarily encoun
ters arenaceous successions from the Early Miocene Albanella-Corleto 
Formation and Numidian sandstones, as well as arenaceous succes
sions from the late Miocene Castelvetere Formation. 

The compositional and petrophysical signatures of the sandstone 
suites confirm the provenance data of the sandstone turbiditic succes
sions and show considerable variability in their porosity and perme
ability. The sandstone samples include quartzolithic (ABA Fm.), 
quartzofeldspathic (CVT Fm.) and quartzose and hybrid (FYN Fm.) 
arenites. The Late Miocene arenites (CVT Fm.) are characterized by high 
values of porosity and very low values of permeability, while the 
Oligocene-Early Miocene arenites (FYN and ABA Fms.) are character
ized by low values of porosity and very high values of permeability. 
These features may strongly influence the architecture of gas and water 
reservoirs and underground water circulation in a very complex 
framework due to the stratigraphic and tectonic relationships among the 
different geological units. 

The sandstone suites are separated from the adjacent, predominantly 
pelitic chaotic units (Argille Varicolori units) and carbonate units 
through several tectonic elements (thrusts and faults). Besides, the 
active seismic faults that have generated the 1980 seismic event are very 
close to the tunnel structures. 

Furthermore, a novel back-analysis of the spatial distribution of PGA 
caused by the 1980 Iripinia earthquake was performed. Such back- 
analysis builds upon the developed geologica/geotechnical model and 
considers site response in an ergodic manner (i.e., by using soil’s stiff
ness characteristics from proxy-based regional models applicable to 
Italy). This outcome, and the multidisciplinary framework developed 
and presented in this paper can be used in the future to define the level of 
risk of distributed infrastructure systems in this area and similar regions 
worldwide. 

Two main aspects of the presented model and the resulting back- 
analysis of PGA distribution are extremely important for future risk 
evaluation processes: (1) the tunnel is located between two normal 
faults capable of high-magnitude earthquakes, and (2) the strong geo- 
structural variations, which occur in all directions (i.e., generating 
horizontal and vertical heterogeneities), have a strong influence in the 
resulting subsurface characterization. The former conclusion is relevant 
for forward prediction analyses of this important infrastructure system 
as near fault effects can and should be accounted for when analyzing 
future earthquake scenarios. Furthermore, the vicinity of the Pavoncelli- 
bis tunnel to such seismogenic faults, generates an increased surface 
fault rupture risk. The latter outcome has structure-specific and general 
implications. It was useful to define the spatial distribution of PGA 
generated by the 1980 Irpinia event. Furthermore, it also highlights the 
importance of interdisciplinary and multiscale analyses when dealing 
with distributed infrastructure systems. 

Our study shows that detailed analyses and investigations are 
required during both the design and post-seismic performance phases to 
minimize the impact of seismic events on underground infrastructure. 
Indeed, in regions of high seismic activity, underground tunnels can 
suffer significant damage during the strongest earthquakes. In partic
ular, this can occur in underground passages in mountain range areas, as 
the Irpinia area in southern Apennines, which are characterized by 
highly intricate geological structures and a complex soil-structure 
response under dynamic conditions. 

Communities’ seismic resilience is heavily reliant upon the post- 
earthquake performance of distributed infrastructure systems. In this 
connection, a critical re-assessment analysis of damaged areas can be of 
crucial importance to inform decision makers, civil protection agencies, 
and other stakeholders about future risk assessments and proactive risk- 
mitigation measures. 
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Simonelli, A.L., Spanò, A., Tommasi, P., Tropeano, G., 2018. Reconnaissance of 2016 
Central Italy earthquake sequence. Earthq. Spectra 34, 1547–1555. 

Thomas, M.F.H., Bodin, S., Redfern, J., Irving, D.H.B., 2010. Constrained African craton 
source for the cenozoic numidian Flysch: implications for the palaeogeography of the 
western mediterranean basin. Earth Sci. Rev. 101 (1–2), 1–23. 

Tripodi, V., Muto, F., Critelli, S., 2013. Structural style and tectono-stratigraphic 
evolution of the neogene-quaternary Siderno basin, southern Calabrian arc, Italy. 
Int. Geol. Rev. 55, 468–481. 

Tripodi, V., Muto, F., Brutto, F., Perri, F., Critelli, S., 2018. Neogene-Quaternary 
evolution of the forearc and backarc regions between the Serre and Aspromonte 
Massifs, Calabria (southern Italy). Mar. Petrol. Geol. 95, 328–343. https://doi.org/ 
10.1016/j.marpetgeo.2018.03.028. 

Wang, P., Liu, Z., Brandenberg, S.J., Zimmaro, P., Stewart, J.P., 2023. Regression-based 
scenario earthquake selection for regional hazard-consistent risk assessments. 
Earthq. Spectra. https://doi.org/10.1177/87552930231197626. 

Wang, Z., Gao, B., Jiang, Y., Yuan, S., 2009. Investigation and assessment on mountain 
tunnels and geotechnical damage after the Wenchuan earthquake. Sci. China E 52 
(2), 546–558 doi:1007/s11431-009-0054-z.  

Washburn, E.W., 1921. The dynamics of capillary flow. Phys Rev 17, 273. 
Westaway, R.W.C., Jackson, J.A., 1980. Surface faulting in the southern Italian 

campania—basilicata earthquake of 23 november 1980. Nature 312, 436–438. 
Working Group, 2022. Parametric catalogue of Italian earthquakes - CPTI15 version 4.0. 

https://emidius.mi.ingv.it/CPTI15-DBMI15/. (Accessed 16 April 2024). 
Zecchin, M., Civile, D., Caffau, M., Critelli, S., Muto, F., Mangano, G., Ceramicola, S., 

2020. Sedimentary evolution of the Neogene-Quaternary Crotone Basin (southern 
Italy) and relationships with large-scale tectonics: a sequence stratigraphic 
approach. Mar. Petrol. Geol. 117 https://doi.org/10.1016/j. 
marpetgeo.2020.104381. 

Zimmaro, P., Kwak, D.Y., Tsai, Y.T., Stewart, J.P., Brandenberg, S.J., Mikami, A., 
Kataoka, S., 2019. Database on seismic response of flood control levees. Earthq. 
Spectra 36, 924–938. 

Zimmaro, P., Scasserra, G., Stewart, J.P., Kishida, T., Tropeano, G., Castiglia, M., 
Pelekis, P., 2018a. Strong ground motion characteristics from 2016 Central Italy 
earthquake sequence. Earthq. Spectra 34, 1611–1637. 

Zimmaro, P., Stewart, J.P., Brandenberg, S.J., Kwak, D.Y., Jongejan, R., 2018b. Multi- 
hazard system reliability of flood control levees. Soil Dynam. Earthq. Eng. 124, 
345–353. 

Zuffa, G.G., 1980. Hybrid arenites: their composition and classification. J. Sediment. 
Petrol. 50 (1), 21–29. 

Zuffa, G.G., 1985. Optical analysis of arenites: influence of methodology on 
compositional results. In: Zuffa, G.G. (Ed.), Provenance of Arenites. NATO ASI Series. 
Springer, D. Reidel, Dordrecht, pp. 165–189. 

Zuffa, G.G., 1987. Unravelling hinterland and offshore paleogeography from deepwater 
arenites. In: Leggett, J.K., Zuffa, G.G. (Eds.), Deep-Marine Clastic Sedimentology: 
Concepts and Case Studies. Graham and Trotman, London, pp. 39–61. 

S. Criniti et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0264-8172(24)00179-X/sref60
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref60
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref60
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref61
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref61
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref61
http://www.isprambiente.gov.it/Media/carg/468_EBOLI/Foglio.html
http://www.isprambiente.gov.it/Media/carg/468_EBOLI/Foglio.html
http://www.isprambiente.gov.it/Media/carg/450_SANTANGELOLOMBARDI/Foglio.html
http://www.isprambiente.gov.it/Media/carg/450_SANTANGELOLOMBARDI/Foglio.html
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref64
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref64
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref65
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref65
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref65
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref66
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref66
https://doi.org/10.1016/j.marpetgeo.2023.106651
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref68
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref68
https://doi.org/10.1016/S0037-0738(96)00078-4
https://doi.org/10.1016/S0037-0738(96)00078-4
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref70
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref70
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref70
https://doi.org/10.13127/ESM.2
https://doi.org/10.13127/ESM.2
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref72
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref72
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref72
https://doi.org/10.1016/j.sedgeo.2015.11.008
https://doi.org/10.1016/j.sedgeo.2015.11.008
https://doi.org/10.1016/j.earscirev.2023.104498
https://doi.org/10.1016/j.earscirev.2023.104498
https://doi.org/10.1016/j.marpetgeo.2014.07.012
https://doi.org/10.3390/geosciences10060247
https://doi.org/10.3390/geosciences10060247
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref77
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref77
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref77
https://doi.org/10.1016/j.enggeo.2020.105745
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref79
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref79
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref79
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref80
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref80
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref80
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref81
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref81
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref82
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref82
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref82
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref83
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref83
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref83
https://doi.org/10.1016/j.marpetgeo.2017.08.002
https://doi.org/10.1016/j.marpetgeo.2017.08.002
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref85
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref85
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref85
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref86
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref86
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref86
https://doi.org/10.1016/j.marpetgeo.2022.105811
https://doi.org/10.1016/j.marpetgeo.2022.105811
https://doi.org/10.2110/jsr.2022.093
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref89
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref89
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref89
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref90
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref90
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref90
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref91
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref91
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref91
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref92
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref92
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref92
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref93
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref93
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref93
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref93
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref94
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref94
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref94
https://doi.org/10.1016/j.sedgeo.2017.09.016
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref96
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref97
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref97
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref97
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref98
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref98
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref98
https://doi.org/10.1016/j.marpetgeo.2018.03.028
https://doi.org/10.1016/j.marpetgeo.2018.03.028
https://doi.org/10.1177/87552930231197626
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref101
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref101
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref101
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref102
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref103
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref103
https://emidius.mi.ingv.it/CPTI15-DBMI15/
https://doi.org/10.1016/j.marpetgeo.2020.104381
https://doi.org/10.1016/j.marpetgeo.2020.104381
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref106
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref106
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref106
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref107
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref107
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref107
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref108
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref108
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref108
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref109
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref109
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref110
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref110
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref110
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref111
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref111
http://refhub.elsevier.com/S0264-8172(24)00179-X/sref111

	A geological, petrophysical and ground motion model of the Pavoncelli bis hydraulic tunnel (Southern Apennines, Italy): Imp ...
	1 Introduction
	2 Geological and stratigraphic setting
	2.1 Geological evolution of the Southern apennines
	2.2 Stratigraphy

	3 Methods
	4 Results and discussion
	4.1 Petrography and petrophysics
	4.1.1 Albanella-Corleto Formation (Quartzolithic petrofacies)
	4.1.2 Pre-Numidian and numidian sandstone formations (hybrid arenite and quartzarenite petrofacies)
	4.1.3 Castelvetere Formation (Quartzofeldspathic/Arkose petrofacies)
	4.1.4 Petrography and petrophysics considerations

	4.2 Geological model of the tunnel area
	4.3 Hydrogeological model and implication for reservoir
	4.4 PGA scenario analysis for the 1980 M6.81 earthquake

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


