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Abstract—We have selected 28 deep wells in the Southern
Apennine area, most of which are located along and around the Val
d’Agri Basin. The Southern Apennines, one of the most seismically
active regions of the Italian peninsula, is a NE-verging fold-and-
thrust belt characterised by the Meso—Cenozoic Apulia carbonate
duplex system overlain by a thick column of Apennine carbonate
platform and Lagonegro basin units. These units are uncon-
formably covered by Neogene siliciclastic successions. Among the
many Quaternary tectonic basins in the area, the Val d’Agri Basin
is the most important intramontane depression, and is bordered by
a ~ NW-SE-trending active fault system that represents one of
the main seismogenic structures of the region. Moreover, the Val
d’Agri Basin is the largest onshore oil field basin in Europe. In this
context, we have analysed sonic log records from 28 deep wells and
compared them with the corresponding stratigraphy and the other
geophysical logs. We have obtained detailed measurements of the
P-wave velocity (Vp) for each well from 0 to ~ 6 km depth, and
found important lateral variations of Vp over very small distances.
From these values, we have retrieved the densities of the main units
crossed by the wells and the range of the overburden gradient in
this area.

Keywords: Deep boreholes, sonic log, Vp value, crustal
structure, Southern Italy.

1. Introduction

We have performed this study in southern Italy
(Fig. 1) between the Campania, Basilicata, and
Apulia regions for two main reasons: (1) the Southern
Apennines are one of the most hazardous regions in
Italy and in the Mediterranean area (Rovida et al.,
2022), and (2) the Val D’ Agri Basin is the largest oil
field in onshore Europe (Van Dijk et al., 2000b).
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To define the Vp crustal velocity between 0
and ~ 6 km depth, we analysed 28 deep wells
available to us, located in the Southern Apennines
that is formed by the Apennine carbonate platform at
west, the Lagonegro basin, the inner Apulian car-
bonate platform and Quaternary basins (Fig. 2). In
detail 22 of these wells are located along and around
the Val d’Agri Basin, an oil field drilled at depths 2 to
3 km below sea level, with the reservoir hosted in the
Apulia platform, sealed at the top by flysch and
mélange sequences (Shiner et al., 2004; Van Dijk
et al., 2000b). Only seven of the 28 wells are public
(nos. 1, 2, 3, 4, 26, 27, and 28); their data can be
found in the database of the National Mining Office
for Hydrocarbon and Geothermal Energy (UNMIG)
of the Italian Ministry of the Environment. In the
Videpi (https://www.videpi.com)
graphic logs of wells can be viewed and downloaded,
typically associated with geophysical logs.

We have analysed the sonic curves of geophysical
log records for deep wells drilled by major oil com-
panies and compared them with the stratigraphy of
each well and with other geophysical records, such as
resistivity and gamma ray logs.

First, we have grouped the wells based on their
geographical locations, identifying them with differ-
ent colours (Fig. 2); different shades of the same
colour (e.g. green) indicate neighbouring wells that
could also belong to the same group. The 28 deep
wells were drilled in sedimentary rocks, mainly
Meso—Cenozoic calcareous and siliciclastic succes-
sions, Miocene—Pliocene arenaceous-clayey
terrigenous flysch, and Quaternary deposits. Wells 1
to 4 are in the north and westernmost parts of the
study area; wells 2 and 4 belong to the Apennine
carbonate platform domain, whereas well 1 and 3,
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Figure 1
Main tectonic features of southern Italy, modified after Vezzani et alg. (2010). Minimum horizontal stress directions from the Italian Present-
day Stress Indicators database, IPSI 1.5 (Mariucci & Montone, 2022). minimum horizontal stress orientations from: a earthquake focal
mechanisms with M > 4.0 (red: normal faulting; blue: thrusting; green: strike slip; orange: normal strike; light blue: thrust strike); b borehole
breakout data (larger symbols indicate better quality results than the smaller ones); ¢ formal inversion of earthquake focal mechanisms; d fault
data. Tectonics: e normal faults; f thrust faults; g strike-slip faults. For detailed explanations of present-day stress indicators, see Montone &
Mariucci (2016). The map has been generated with Esri ArcGIS Desktop 10.2 (http://www.esri.com). Box represents the area of Fig. 2

together with wells 5, 6, 12, 13, 14, and 27, are
located within the Lagonegro basin succession. Wells
21 to 25 are located within the Val d’Agri Basin, and
the remaining wells, found farther east and south
(well 28), are located within the Miocene—Pliocene
terrigenous deposits (Fig. 2). The maximum depth of
the wells is 6200 m, and the minimum is 3070 m; on
average, the wells are 4000-5000 m deep. Most are
nearly vertical wells, but several have maximum
vertical inclinations of about 30°; three of the 28
wells have horizontal portions that we have not taken
into account.

The obtained results are in terms of P-wave
velocity values with respect to the main tectono-
stratigraphic units crossed by the wells. By applying
an appropriate formula for the sedimentary rocks, we
have also retrieved the respective density values

(Gardner et al., 1974). These results have allowed us
to estimate the lithostatic gradient, which in this area
increases from the easternmost boreholes, closest to
the Bradanic foredeep, to the innermost wells in the
Apennine belt. The P-wave velocities observed show
a great variability over a distance of ~ 50 to 60 km.
We have assigned reference Vp and density values to
each tectono-stratigraphic unit crossed by the wells,
and computed the median Vp and density values of
the empirical cumulative distribution by length and
the 10th-90th percentiles as the variability range, as
well as the means weighted by length with standard
deviations for comparison.

Recently, a revision of the 3D seismic volume for
the Val d’Agri Basin was published based on geo-
logical information and seismic data processing,
which were used to estimate static corrections for
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Figure 2
Geological and tectonic scheme of the study area modified after Ca%alano et al. (2004) and Improta et al. (2017). Locations of 28 analysed
deep boreholes. Legend: a Quaternary continental deposits, corresponding to Q; b flysch and terrigenous sediments of satellite basins (middle
Miocene—Pliocene), partially corresponding to ACT; ¢ pelagic and slope successions, mainly clays and slope carbonates (Cretaceous—lower
Miocene), partially corresponding to FLY; d Lagonegro basin, mainly cherty limestones, cherts, and claystones (Mesozoic), corresponding to
LAG; e Apennine carbonate platform (Mesozoic), corresponding to APP; f Apulia platform (Mesozoic—Miocene), corresponding to PAI;
g main reverse faults and overthrusts; h normal faults. Wells: different colours indicate different geological and geographical location. See
further details in the text

data preconditioning before imaging, and to build the
velocity model for depth imaging (Pajola et al.,
2020). The Vp values of some “main stratigraphic
zones” defined in that paper allow for comparison
with our results. In general, we observe lower P-ve-
locities relative to those obtained by their analysis,
which could be due to the different methods used, as
discussed below.

Intense structural complexity of the region was
also imaged by the local tomography, where first-
order lateral Vp variations were related to rapid depth
changes of deeper carbonate successions (Improta
et al., 2017; Valoroso et al., 2011).

In central Italy, destructive earthquakes have
occurred within the last 25 years, including the 1997
Colfiorito (e.g. Amato et al., 1998; Boncio &
Lavecchia, 2000; Calamita et al., 2000; Chiarabba &
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Amato, 2003; Cinti et al., 2000; Ekstrom et al., 1998),
2009 L’Aquila (e.g. Di Stefano et al., 2011; Walters
et al., 2009), and 2016-2018 Amatrice-Norcia seis-
mic sequences (e.g. Chiaraluce et al., 2017; Tinti
et al., 2016). Recently calculated Vp values in this
area (Mariucci & Montone, 2016; Montone & Mari-
ucci, 2020; Trippetta et al., 2021) allowed better
definition of the seismic velocities of the shallow
crust, increased knowledge of the subsurface, and
improved geophysical models (Barchi et al., 2021;
Buttinelli et al., 2021), which we also expect to
achieve using the results of this study.

2. Geological Framework and Seismicity

The selected study area is in the Southern Apen-
nines, a typical fold-and-thrust belt with eastern to
north-eastern vergence (e.g. see Royden et al., 1987)
located between the Tyrrhenian back-arc basin to the
west and the Bradanic foredeep and Apulia Adriatic
foreland to the east (Fig. 1).

The fold-and-thrust belt consists of Mesozoic—
Tertiary shallow-water carbonate platform and
Lagonegro basin pelagic successions of the Adria
passive margin (Patacca & Scandone, 1989). These
units were completely detached from their original
substratum and moved onto the inner Apulia platform
foreland sequence (e.g. Doglioni et al., 1996; Improta
et al., 2017; Mazzoli et al., 2004; Menardi Noguera &
Rea, 2000). The buried Apulia platform comprises a
thickness of about 6—8 km of predominantly Jurassic
to Miocene carbonate rocks, with Triassic evaporites
at the base. It is characterised by double verging
anticlines bounded by high-angle reverse faults
(Casero, 2004). Only in the Monte Alpi tectonic
window (Fig. 2) does the inner Apulia carbonate
system outcrop at about 2000 m above sea level,
whereas the autochthonous portion of the Apulia
platform crops out more to the east along the foreland
(Patacca & Scandone, 2004). The Apulia platform
carbonates are stratigraphically covered by late
Miocene—Pliocene marine sediments, which act as a
seal of unlocked hydrocarbon traps (Casero, 2004;
Roure et al., 2012). The entire succession ends with
the unconformity overlain by Pliocene—Pleistocene
foredeep deposits.

Pure Appl. Geophys.

The current structural setting of the Southern
Apennine belt is the result of compressive and
extensional tectonic events associated with the sub-
duction and subsequent flexural retreat of the Adriatic
plate and, starting from the Tortonian, with the
opening of the Tyrrhenian retroback-arc basin.
Beginning in the Early Pliocene, the Southern
Apennine accretionary wedge was thrusted over the
western margin of the Apulia platform; during the
Late Pliocene-Early Pleistocene final compressional
phases, this platform was itself involved in further
thrusting (Improta et al., 2017; Mazzoli et al., 2008;
Menardi Noguera & Rea, 2000; Patacca & Scandone,
2001). In particular, because of the subsequent
extensional tectonic phases along the Apennine belt,
the pre-existing thrusts and folds were systematically
cut by high-angle normal faults (Schiattarella et al.,
2003).

Although the role of strike-slip tectonics in the
evolution of the Southern Apennines is strongly
debated, according to some authors, Plio—Pleistocene
sinistral strike-slip tectonics would have displaced
this part of the Apennine belt (Catalano et al.,
1993, 2004; Cinque et al., 1993; Knott & Turco,
1991; Milia et al., 2017; Monaco et al., 1998; Schi-
attarella et al., 1994; Turco et al.,, 1990; Van Dijk
et al., 2000a).

From a kinematic point of view, the end of
compressional tectonics and the subsequent onset of
extensional tectonics occurred in the Middle Pleis-
tocene, when flexural subsidence stopped and
widespread uplift began (Cinque et al., 1993; Patacca
& Scandone, 2007).

Currently, in this area active stress data (mainly
from earthquakes, borehole breakouts, and faults;
Fig. 1) indicate minimum horizontal stress directions
perpendicular to the belt axis up to its eastern front
(Mariucci et al., 2002; Pierdominici et al., 2011), as
can be easily deduced from the numerous seismic
events showing a prevalent extensional tectonic
regime (Bello et al., 2022; Mariucci & Montone,
2020, 2022; Montone & Mariucci, 2016), which is
discussed in greater detail below.

Beyond the Val d’Agri Basin, several Quaternary
basins, such as the Vallo di Diano, Auletta, and
Melandro-Pergola basins, characterise the area
(Fig. 2). The Vallo di Diano and Auletta basins are
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tectonic depressions that trend NW-NNW, both ca.
5-6 km wide, and are about 35 km and 20 km long,
respectively, characterised by recent tectonic activity
(Amicucci et al., 2008; Barchi et al., 2007; Bruno
et al., 2010; Cello et al., 2003; Galli et al., 20006;
Moro et al., 2007; Papanikolau & Roberts, 2007;
Villani & Pierdominici, 2010).

The Val d’Agri Basin contains the largest pro-
ductive oil field in Europe; since the 1990s,
hydrocarbons have been extracted from a highly
productive reservoir consisting of Cretaceous lime-
stones (Trice, 1999). This reservoir is hosted in large
anticlines involving the Apulia platform, representing
a natural structural trap of the oilfield. These anti-
clines are drilled at depths of 2 to 3 km below sea
level and are sealed by flysch and mélange sequences
(Improta et al., 2017; Nicolai & Gambini, 2007;
Shiner et al., 2004). The Val d’Agri is a Quaternary
extensional basin elongated about N120, approxi-
mately 30 km long and 5 km wide. The Quaternary
sediments of the basin are entirely composed of
Pleistocene continental clastic and alluvial sequences
(Giano et al., 2000), which reach a thickness of about
250 m in the depocenter of the basin (Barchi et al.,
2007).

The Val d’Agri Basin is bounded by two WNW-
trending parallel and oppositely dipping high-angle
normal fault systems (Cello et al., 2000; Improta
et al., 2015). The eastern system is characterised by a
set of NW-WNW transtensional faults dipping
toward the SW (Cello et al.,, 2003), whereas the
western system is mainly characterised by NE-dip-
ping extensional faults, called the “Monti della
Maddalena Extensional Fault System” (Maschio
et al., 2005). According to Giano et al. (2000), these
faults acted as left-lateral strike-slip structures during
the Early Pleistocene and reactivated, mainly as
normal faults, in the Middle Pleistocene-Holocene.
In particular, the faults bordering the Agri basin are
widely recognised as presently active (Benedetti
et al., 1998; Cello et al., 2000; Valensise & Pantosti,
2001). According to some authors, based on different
geological, geophysical, and geodetic data, the
“Monti della Maddalena fault system” represents the
main seismogenic structure of the region (Improta
et al.,, 2010, 2015 and references therein; Ferranti
et al., 2014).

As mentioned above, in this sector of the Apen-
nines, NE-SW directed regional extension drives the
activity of NW-SE-trending seismogenic structures
(dipping either NE or SW), such as the fault associ-
ated with the M 6.9 1980 Irpinia earthquake and the
Val d’Agri Basin faults (see also Westaway &
Jackson, 1987; Pantosti & Valensise, 1990; Pantosti
et al., 1993; Benedetti et al., 1998; Maschio et al.,
2005; Basili et al., 2008), at least to the Calabria
region (Fig. 1), where active extension gently rotates
following the arcuate structure of the region (Cirillo
et al., 2022; Mariucci & Montone, 2022). In fact,
from a seismological perspective, instrumental data
show that moderate to strong crustal earthquakes
occurred under a prevalent extensional stress regime
mostly concentrated along the Apennine belt. Some
seismic events with lower magnitudes occurred along
the adjacent foredeep. These events are characterised
by greater crustal depths (ca. 40 km), and although
the present-day extension is always oriented NE-SW,
they show a prevalent strike-slip tectonic regime
(Amato & Montone, 1997; Azzara et al., 1993; Barba
et al., 2010; Ekstrom, 1994; Mariucci & Montone,
2022; Mariucci & Miiller, 2003; Valensise et al.,
2004), which suggests the existence of E-W right-
lateral strike-slip faults dissecting the belt (Di Bucci
et al.,, 2006; Scrocca et al., 2005). Historically
(Rovida et al., 2020, 2022), this area was affected by
destructive earthquakes with intensities up to XI,
such as the M 7.1 earthquake that devastated the Val
d’Agri Basin and a large area of Basilicata and part of
Campania in 1857, revealing the high seismic hazard
of this region. Apart from natural seismicity, induced
seismicity has also been reported in the south-western
sector of the Val d’Agri Basin (Improta et al., 2017;
Lopez-Comino et al., 2021; Stabile et al., 2021) with
a maximum magnitude Ml = 2 (Stabile et al., 2014),
caused by wastewater reinjection operations in the
disposal well of Costa Molina 2 (well 18).

2.1. Tectono-Stratigraphic Units

Considering the geographic location and strati-
graphic similarity, we divided the wells into 9 groups
assigning them different colours, as shown in Fig. 2.
Then, we have analysed the stratigraphic log data of
all wells and combined all the formations and
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Scheme of six tectono-stratigraphic units and the sub-units. 1) Q,
Quaternary deposits. 2) ACT, allochthonous succession (Miocene).
3) FLY, Tertiary flysch deposits (mainly Eocene-Miocene). 4)
APP, Apennine carbonate platform (Late Triassic—Cretaceous). 5)
LAG, Lagonegro basin succession (Middle Triassic—Cretaceous):
LAG-GA, Galestri formation (Late Jurassic—Early Cretaceous);
LAG-SS, Scisti Silicei formation (Jurassic); LAG-MP, Monte
Pierno formation (Late Triassic); LAG-CS, Calcari con Selce
formation (Late Triassic); LAG-MF, Monte Facito formation
(Middle Triassic). 6) Inner Apulia platform: PAI-top, Pliocene
terrigenous deposits; PAI, Mesozoic—Cenozoic carbonate succes-
sion; PAI-Trias, Triassic evaporitic succession. Red lines represent
major thrusts, bounding the main tectonic units of the Southern
Apennines. Squiggly red lines represent the unconformities. See
details in the text

lithologies into tectono-stratigraphic units, as defined
in Fig. 3.

We have taken into account the main geologic
formations as well as the tectonic complexity of the
Southern Apennines; therefore, Fig. 3 is not a
stratigraphic column in the typical sense but a simple
representation, not to scale, of the tectono-strati-
graphic units used in this paper to examine the
physical properties of the uppermost several kilome-
tres of the crust. Because of the complex tectonic
setting, in some areas, the stratigraphic succession is
interrupted by tectonic contacts as outlined in Fig. 3.

The tectono-stratigraphic units have been divided
into several sub-units where differences in the sonic
record are clearly distinguishable. For example, in the
Lagonegro unit, the five different formations that
compose it are well identified. In contrast, where the
sonic log is particularly variable and does not allow
clear definition of individual units from each other,
we have considered all the formations as a unique
unit, such as the Tertiary flysch, for instance (Fig. 3).

The tectono-stratigraphic units are briefly
described below (Fig. 3). We have divided the inner
Apulia carbonate platform unit because of their
specific characters easily recognisable from the sonic
logs in: the Triassic succession (PAI-Trias), mainly
dolostones; the calcareous-dolomitic Cretaceous-
Miocene succession (PAI); and the clayey and
arenaceous Pliocene succession (PAl-top), uncon-
formably overlying the Apulia platform carbonates.



Lateral Variations of P-Wave Velocity from Deep Borehole Data

The middle Triassic—Cretaceous succession of the
Lagonegro basin (LAG) is clearly represented in all
the wells. It is composed of formations properly
characterised by the sonic log and also recognised in
the well composite logs. Therefore, for most of the
analysed sonic length, a split analysis has been
possible that has allowed the characterisation of each
formation. The Monte Facito formation (LAG-MF) is
characterised by a chaotic complex of terrigenous
sediments and shallow-water carbonates of Middle
Triassic age. The Calcari con Selce formation (LAG-
CS), Late Triassic in age, is characterised by low-
porosity multilayer carbonates, partially dolomitised
and often nodular, with chert beds and nodules. In
only one well (well 1), LAG-CS is substituted by
dolostones of the Monte Pierno formation (LAG-MP)
of the same age, Late Triassic. Deep-water facies
characterise the Jurassic Scisti Silicei formation
(LAG-SS), and the Galestri flysch formation (LAG-
GA) comprises terrigenous deep-water facies of Late
Jurassic—Early Cretaceous age.

The Apennine carbonate platform (APP) was
encountered in only two wells (2 and 4), which are
located NW outside of the Val d’ Agri Basin (Fig. 2);
this succession is characterised by calcareous dolo-
mite deposits of the Triassic—Cretaceous.

The Tertiary flysch (FLY) mainly includes the
Sicilidi, Liguridi, and Irpine deposits (Eocene—
Miocene). All the flysch have been grouped for joint
analysis because it is not possible to obtain reliable
characteristic values for each one.

The Allochthonous succession (ACT) includes the
Albidona and Gorgoglione flysch (Miocene). We
have analysed this succession separately from the
previous flysch formations (FLY) based on its
tectonic position, although, as discussed below, the
sonic logs and velocity values are similar.

Figure 3 also shows the Quaternary deposits for
comparison with Fig. 2, even if no sonic log data are
available, because these successions are limited to
very thin thicknesses and drilled only in the shallower
parts of the wells, where downhole logging typically
is not performed.

3. Methods

We have analysed sonic log data from 28 deep oil
wells, mainly located in the Val d’Agri Basin and
surrounding areas. The analysis has been performed
using original plots of 1:1000 scale (composite logs)
because digital sonic records were not available to us.

The sonic tool records the full waveform travel
times (slowness) of the high-frequency acoustic
waves through the borehole from the emitters to the
receivers. The slowness is used to infer the elastic
wave velocities, providing good estimations despite
the small volume investigated around the borehole
(typically with a radius of a few tens of centimetres)
and the different frequency from that of seismic
waves (e.g. Ellis & Singer, 2008). This parameter
varies depending on lithology, rock texture, and
porosity, and thus provides information for the
identification of lithologies, different compaction
states, reservoir characteristics, and identification of
the presence of fractures. Its main use is to supply
information to support and calibrate seismic data and
to estimate formation porosity (e.g. Ellis & Singer,
2008).

In the first few hundred metres, there is usually no
sonic curve record. In those cases, to assign a reliable
value we relied on the lithology and, where present,
on the resistivity and gamma ray curves. In any case,
these data were not considered for the calculation of
the mean Vp of the single formations but only for the
calculation of the overburden load. In particular, the
resistivity allowed us to understand that in some cases
the velocity variations were due to variations in
porosity or alteration of the material encountered
along the well and not to errors due to malfunctions
of the instrument.

Throughout each well, we have identified depth
ranges with uniform trend of sonic record, and
assigned a slowness value (hand-picked with an
accuracy/resolution of £ 2 ps/ft) with a quality rank
to each interval. We have used three quality levels
(good, medium, low), based on the feature of the
sonic curve trend, to eventually discard some mea-
surements and to use only the best data if necessary.
In sedimentary rocks, measured slowness is typically
between 40 and 140 ps/ft, reaching much higher
values, up to 170 ps/ft, for example, in less
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<«Figure 4
Example of a sonic tool record (At: transit time or slowness) from
40 to 140 ps/ft with respect to different lithologies and in the
presence of a fracture zone. a Dolomite rock; b conglomerates;
¢ clay and marls alternations

competent lithologies, such as Quaternary sediment
(e.g. Ellis & Singer, 2008; Montone & Mariucci,
2015; Siiss & Shaw, 2003). In the study area, the
minimum and maximum values are 44 and 130 ps/ft,
respectively. Each value has been then converted into
P-wave velocity, ranging from 6.9 to 2.3 km/s rela-
tive to evaporitic and terrigenous formations,
respectively.

Using the empirically derived formula by Gardner
et al. (1974), that relates seismic P-wave velocity to
the bulk density, we have estimated a density value
for each homogeneous interval of the sonic record:

d = 0.23v%%»

where d is density in g/cm® and V is sonic velocity in
ft/s.

This rule provides good density predictions for
sedimentary rocks, although using the Nafe—Drake
curve (Ludwig et al., 1970) yields values about 0.1 g/
cm’® lower, according to Brocher (2005). Differently,
Gardner’s relation gives an inaccurate density value
in zones where anhydrite is prevalent. For this reason
and because anhydrites are present in very limited
intervals along the analysed wells, we have not esti-
mated the density value separately from the rest of
the evaporitic succession.

It is difficult to precisely define an average
velocity in formations characterised by thin alterna-
tions of different lithologies, such as clay and marls
(Fig. 4); the different rock physical properties pro-
duce wide oscillations of slowness over small
intervals of depth, as shown in the example of Fig. 4,
providing a mean value with large uncertainty. In the
presence of carbonate and dolomitic lithologies, the
slowness value in the log can vary between 45 and
55 ps/feet (only 10 ps/feet of difference), depending
on the presence of contamination or alteration, the
chemical composition of the material, and/or frac-
tured zones in the rock. In this case, because of unit
conversion, the corresponding velocity values vary
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Table 1

P-wave velocities (km/s) of the main tectono-stratigraphic units compared with those reported in other studies

This study Other authors
1 2 3 4 5 6

ACT 3.3 (2.9-4.0) 35+05 3.4-4.0*

APP 5.9 (4.8-6.1) 57+05 48-5.5°
45-5.8°

FLY 3.7 (3.0-4.7) 39 +£07 4.57 (3.59-3.48)¢ 3.0-4.0° 3.0-3.5 3.04.0"
3.8-5.0°

LAG 5.0 (3.8-6.2) 51+09 5.24 (4.43-6.34) 4.0-5.5 5.0-6.0'

GA 3.6 (3.2-4.9) 40 £ 06 4.74 (4.33-4.92) 3.4-37

SS 43 (3.3-5.0) 44 407 4.99 (4.31-5.42)

MP 6.4 (5.7-6.6) 63 +£0.7

cS 5.4 (4.5-6.1) 55106 6.06 (4.93-6.55)

MF 4.6 (3.8-6.1) 5.0 +09 476 (4.34-5.24)

PAI-top 4.0 (3.3-4.9) 42+ 06

PAI 6.0 (5.5-6.3) 6.1 £04 6.29 (6.13-6.46) 5.8-6.0' 5.9-6.2 6.0-6.2

6.5-6.6™
PAI-Trias 6.5 (5.8-6.7) 6.4 £ 04 6.4-6.5 6.4-6.5

I Median value of the cumulative distribution by length and 10th-90th percentiles, 2 Mean weighted by length and standard deviation, 3
Pajola et al., (2020), 4 Improta et al., (2017), 5 Valoroso et al., (2011), 6 Valoroso et al., (2009). ACT Allochthonous succession (Miocene),
APP Apennine carbonate platform (Late Trias-Cretaceous), FLY flysch units (mainly Eo-Miocene), LAG Lagonegro basin succession (Middle
Triassic- Cretaceous): GA Galestri formation (Late Jurassic-Early Cretaceous), SS Scisti Silicei formation (Jurassic), MP Monte Pierno
formation (Late Triassic), CS Calcari con selce formation (Late Triassic), MF Monte Facito formation (Middle Triassic), PAI-top Pliocene
terrigenous deposits, PAI inner Apulia platform carbonate succession (Meso-Cenozoic), PAI-Trias Triassic evaporitic succession of the PAIL

See text for a detailed description

“Flysch e thrust-sheet-top terrigenous deposits (Miocene-Pliocene)

®Mesozoic Limestones

“Cherts, cherty limestones, dolomites, siltstones
9Irpina-1, Irpina-2, Irpina-3

€Allochthonous nappes

fPaleogene variegated clays

€Paleogene Calcareous and arenaceous turbidites
"Shales and siliciclastic deposits

‘Basinal and shelf carbonates

'Creta-Tertiary

"Jurassic-lower Cretaceous (dolomitic limestone and dolostones

quickly, changing from 6.8 to 5 km/s (almost 2 km/s
of difference), whereas for lithologies with higher
sonic values, the same Vp difference (about 2 km/s)
corresponds to a larger slowness change. Therefore,
the curve in non-digital logs for rocks with low val-
ues of slowness (corresponding to high Vp) must be
read with great precision to avoid errors in Vp
velocities. However, lithologies with low values of
slowness typically show relatively little variability in
the sonic record, whereas lithologies with high values
of slowness are characterised by high variability.

By comparing stratigraphic and sonic logs, we
have associated Vp and density data with units, as
described in detail in the following section (see
Fig. 3). The P-velocities versus depth for all the
different tectono-stratigraphic units in the study area
are shown in Fig. 5. Statistical analysis of all data
within each unit has allowed the identification of
average values for velocity and density, as well as
their variability. The resulting values are listed in
Table 1 and plotted in Fig. 6 as means by length and
standard deviations, and as medians of the empirical
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Vertical stress (Sv) magnitude versus depth in the 28 analysed wells
(assembled following Fig. 2). Depth refers to ground level. Blue
line indicates hydrostatic pressure. The lithostatic gradient ranges
from ~ 23 to ~ 26 MPa/km

cumulative distribution (50th percentile) and 10th—
90th percentiles for the corresponding range of
variability.

Velocity-derived densities have been used to
compute the trend of the vertical stress magnitude
with depth and to assess the limit values of the
lithostatic gradient in the area (Fig. 7).

4. Results and Discussion

In this section, we refer to the average Vp and
density values obtained in the analysis of the fre-
quency distribution shown in Tables 1 and 2 (column
1). In the same tables, the mean values weighted by
length and their standard deviations are also provided
(column 2).

In a limited area, with maximum extents of 70 km
in length by 35 km in width, we observed great
variability in the P-wave velocity in relation to the
formations crossed, within the same lithology and/or
the tectono-stratigraphic unit itself, as well as with
respect to depth (Fig. 5). From 0 to 4.5 km depth, we
observe P-wave values ranging from 2.6 to 6.8 km/s;
only below 5 km depth, the values of the P-waves are
confined between 5.5 and 6.8 km/s. This large
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Table 2

Density values (g/cm’) of the main tectono-stratigraphic units

1 2
ACT 2.35(2.28-2.46) 2.38 & 0.09
APP 2.71 (2.58-2.73) 2.69 + 0.06
FLY 2.42 (2.29-2.56) 244 £ 0.11
LAG 2.60 (2.43-2.75) 2.61 +0.12
GA 2.40 (2.33-2.59) 2.45 £ 0.10
SS 2.50 (2.34-2.61) 2.52 +£0.10
MP 2.77 (2.68-2.79) 2.76 + 0.09
CcS 2.66 (2.54-2.73) 2.66 = 0.07
MF 2.55 (2.43-2.74) 2.59 £ 0.12
PAI-top 2.46 (2.35-2.59) 2.48 + 0.09
PAI 2.73 (2.66-2.76) 2.73 £ 0.04
PAI-Trias 2.78 (2.70-2.80) 2.77 + 0.05

ACT Allochthonous succession (Miocene), APP Apennine car-
bonate platform (Late Trias-Cretaceous), FLY flysch units (mainly
Eo-Miocene), LAG Lagonegro basin succession (Middle Triassic-
Cretaceous), GA Galestri formation (Late Jurassic-Early Creta-
ceous), SS Scisti Silicei formation (Jurassic), MP Monte Pierno
formation (Late Triassic), CS Calcari con selce formation (Late
Triassic), MF Monte Facito formation (Middle Triassic), PAI-top
Pliocene terrigenous deposits, PAI inner Apulia platform carbonate
succession (Meso-Cenozoic), PAI-Trias Triassic evaporitic suc-
cession of the PAI. See text for a detailed description, / median
value of the cumulative distribution by length and 10th-90th per-
centiles, 2 mean weighted by length and standard deviation

variability is not observed, for example, in the
northern or central Apennines, where a linear
increase in velocity with increasing depth is more
evident (Montone & Mariucci, 2015, 2020; Trippetta
et al., 2021). This may be due not so much to the
presence of a different stratigraphic succession, but
probably to tectonics which in this region is more
accentuated, with several compressive phases which
have led to important shortening along the major
thrusts.

In the compilation of previously published P-
wave velocity data in the northern Italy area, for the
Triassic dolomite succession, observed Vp values
vary from 5 to ~ 6.8 km/s, with a mean value of
6 km/s (Montone & Mariucci, 2015). Similarly, in
the central Apennines, Vp in the Triassic evaporitic
succession shows a mean value of 6.1 km/s (5.6-6.7)
(Montone & Mariucci, 2020). These values are con-
sistent with these new data for the dolostones that are
present both in the Apulia platform Triassic

Pure Appl. Geophys.

succession (PAI-Trias) and in the distinct formation
(LAG-MP) of the Lagonegro basin succession, with
slightly higher Vp values of 6.5 and 6.4 km/s,
respectively (Fig. 5b, c). The same values have been
found for the Triassic evaporites (dolostone and
anhydrite) at the base of the inner Apulia platform
using different kinds of data and methods: that is,
passive seismic tomography of carbonate reservoirs
(Bally et al., 1986; Improta et al., 2000, 2017; Tse-
lentis et al., 2011; Valoroso et al., 2009, 2011). As in
laboratory measurements, the P-velocity values for
the dolomitic rocks are around 6.4-6.5 km/s (Trip-
petta et al., 2010).

We have analysed several wells that crossed the
inner Apulia platform, for a total length of ~ 20 km
of the log record. The transition to the carbonate
platform (Fig. 5c) is marked by a sudden jump in P-
velocity from 4 to 6 km/s (Table 1), caused by the
presence of a layer of one hundred metres of clayey
rock (PAI-top). The PAI begins at a depth of 1250 m
(below ground level) and extends to a depth of over
6000 m, with values between 5.5 and 6.5 km/s. This
variability in the velocity values also exists because
we did not subdivide the more dolomitic basal
members (Jurassic—lower Cretaceous) from the
remaining carbonate successions. Instead, the Apulia
platform top (PAI-top) shows values between 3.5 and
5 km/s, with a mean Vp value of 4 km/s, and in some
of the analysed wells, it was found at 2000 m mini-
mum depth below ground level (Fig. 5c). An analysis
recently performed along deep wells of the Val
d’Agri Basin (Pajola et al., 2020), the carbonate
platform (the whole Meso-Cenozoic succession)
showed a Vp value of 6.3 km/s, consistent with what
we observed (Table 1). Again, there is good agree-
ment of our findings with the local earthquake
tomography data (Improta et al., 2017; Valoroso
et al., 2009, 2011).

The results obtained for the Apennine carbonate
platform (APP) indicate great Vp variability, ranging
between 4.8 and 6.1 km/s (Fig. 5¢), with a median
value of 5.9 km/s (Table 1). Results from passive
tomography indicated Vp between 4.8 and 5.5 km/s
(Valoroso et al., 2011).

The Lagonegro succession (LAG) is the most
variable in terms of Vp (Fig. 5b): the average value
is ~ 5 km/s (Table 1), but the range varies between
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3.2 and 6.6 km/s (Fig. 6). Within this succession we
have found the highest value calculated in the anal-
ysis of these wells, corresponding to Vp > 6.9 km/s,
sonic slowness at 44 ps/ft in the Calcari con Selce
formation (LAG-CS), along well 26. The LAG was
found between 0 and 5000 m deep. We have calcu-
lated the Vp value for each formation of this
succession (Calcari con Selce, CS; Scisti Silicei, SS;
Galestri, GA; Monte Pierno dolostone, MP; and
Monte Facito, MF), and the results are more inter-
esting and useful for detailed analysis (Fig. 5b). The
analysis of Pajola et al. (2020) is in agreement with
our results, suggesting a Vp value of 5.24 km/s
(4.43-6.34 km/s) for the Lagonegro succession. The
tomography results are also reported in Table 1, and
although they refer to slightly different intervals, they
are generally slightly lower than the values we have
obtained.

The P-velocity values are lower in the terrigenous
successions (ACT and FLY), ranging between ~ 2.6
and ~ 6.1 km/s (Fig. 5a). These data, above all,
reveal the considerable variability of velocities
associated with the presence of very different
lithologies. Other authors (Table 1, column 5) aimed
to identify different and more detailed lithostrati-
graphic units, and succeeded in identifying more
precise values of velocity, although these results were
affected by great uncertainty. In general, the borehole
values appear to show systematically higher P-
velocities.

The densities associated with all sedimentary
lithologies show values that vary from a minimum of
2.3 g/em® to a maximum of 2.8 g/cm® (Fig. 6). The
highest values were found in the Triassic dolostones.
In particular, this latter value is very well constrained,
as shown by the associated small variability range,
and estimated from a well-defined sonic record that
reached values of 45 ps/ft. These high-density values
refer to the dolomitic rocks found in wells at different
depths (wells 5, 7, 9, and 28).

The maximum vertical stress (Sv) magnitude
(Fig. 7), inferred from velocity-derived density val-
ues, is 152 MPa at 5900 m depth, computed for well
number 2 in the Apennine carbonate platform
(Fig. 2). A value of 26 MPa/km is confirmed for the
lithostatic load in the Apennine belt s.s. (see Montone
& Mariucci, 2015, 2020); the lithostatic gradient

varies between 23 MPa/km in the most external
boreholes (toward the foredeep area) and 26 MPa/km
in the southern boreholes, located along the belt
(wells 27 and 28).

As highlighted by the results depicted in Fig. 5, in
this area, it is difficult to identify a layered model
with defined velocities as suggested by tomographic
data (Valoroso et al., 2009), in which two different
velocity layers were identified between 0 and 6 km
depth. In our opinion, in relation to the rather variable
velocity trend, identifying at shallow depth a constant
velocity model might generate even larger errors in
subsequent elaborations (such as epicentral calcula-
tions, focal mechanisms, and interpretations of
seismic lines).

We have constructed contour maps of interpolated
velocity values at different depths below sea level
(Fig. 8). This is a first attempt to display Vp areal
distribution and to consider our results in relation to
those of other methods showing Vp trends at different
depth slices. To create different surfaces, we have
used the kriging method, one of the best known and
widely used methods for this type of processing.
Kriging is a geostatistical gridding method of inter-
polation based on a Gaussian process governed by
prior covariances.

Given the non-homogeneous distribution of the
wells, we have restricted the analysis area to wells 4
to 28, excluding wells 1, 2, and 3. The data distri-
bution suggests that the zone with the highest
resolution is the central and north-eastern sector of
the Agri area from O to 3 km depth. The uneven
coverage of our data allows us to define some main
features of the area only in broad terms, and some
structures imaged in the maps could be more an effect
of the data distribution than of lateral velocity vari-
ations. Differences in the velocity trend can be
observed at sea level (Fig. 8a) along the Agri Basin,
in which high velocity areas (higher than 5.5 km/s)
are opposed to low velocity areas (lower than 4 km/
s), following a trend that seems transverse to the NW
main structure orientation, similar to the ENE-ori-
ented faults (Fig. 8h). At 0.5 km depth (Fig. 8b) the
velocity differences are less severe. However, for all
depths analysed, a high velocity area is always
observed with respect to well 28, where the Apulia
carbonate platform outcrops and characterises the
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entire well. At 1 km depth (Fig. 8c), a high velocity
area (up to 6 km/s) is found between two low velocity
zones (up to 3 km/s), following a N-S trend. A low
velocity area is observed at 1.5 km depth along the
central and north-eastern portions of the study area
(Fig. 8d). The same low velocity feature is also
observable at greater depths (Fig. 8f, g). At 3 km
depth (Fig. 8g), Vp seems to change gradually from
higher to lower values (from SW to NE), following
the Apennine belt—foredeep structure.

Similar complexity was also observed associated
with the deep structures by joint interpretation of the
resistivity model and a 3D seismic tomographic
model obtained from the inversion of passive seismic
data (Balasco et al.,, 2021). Similar to the local
earthquake tomography data, the lateral Vp changes
detected at shallow depths were primarily related to
variations in lithology (Improta et al., 2017).
According to the same authors, within the inner
Apulia platform, significant Vp and Vp/Vs changes
were mainly driven by variations in both lithology
and fracture density. Other aspects such as porosity
and fluid content could also be considered to explain,
within the same geological formations, the variability
observed in the data.

5. Concluding Remarks

In the examined area, we have defined in-situ Vp
and density values for all previously identified units
(lithologies and formations) crossed by the wells,
associating each value with a clear range of vari-
ability (Tables 1 and 2). The results show that large
variability accompany this type of data.

The P-wave velocities from 0 to 6 km depth have
values ranging from < 2.9 km/s to more than 6.8 km/
s within the more competent calcareous and siliceous
successions, showing great P-velocity natural vari-
ability over a distance of several tens of kilometres.
The densities of the investigated rocks show values
from slightly less than 2.3 g/cm® up to 2.8 g/em?;
maximum values are found for the dolostones, which
have a density of 2.82 g/cm®. Based on these data, we
have estimated that the lithostatic gradient in this area
changes from ~ 23 MPa/km for the easternmost
boreholes to ~ 26 MPa/km for the innermost wells.

Pure Appl. Geophys.

Figure 8
Maps of P-wave velocity (km/s) trends obtained by interpolating
well data using the kriging method at different depths below sea
level: a0 km, b 0.5 km, ¢ 1 km, d 1.5 km, e 2 km, f 2.5 km, and
¢ 3 km. White dashed lines indicate Quaternary deposits of the Val
d’Agri Basin. Black circles with numbers represent the wells. On
the bottom right corner: h) structural scheme showing the
Quaternary extensional fault systems (red), main thrust faults
(black lines with triangles), and other faults (simplified from
Improta et al., 2017); green circle denotes well 18; green dashed
line borders the Quaternary deposits of the Val d’Agri Basin. We
have used the Surfer program v. 19 for kriging data

At 5 km depth, the overburden stress varies
from ~ 115to ~ 135 MPa from the foredeep to the
belt; at the same depth along the Val d’Agri Basin,
the stress magnitude is slightly greater than 120 MPa.

Although the data show large natural variability,
especially for the geological formations characterised
by different lithologies, these findings can be used
with greater confidence to detail the upper shallow
crust in this sector of southern Italy.

The variability of the values found, both Vp and
density, is inherent in the lithological type crossed by
the well. Where the geological formations are char-
acterised by well-defined lithotypes and with
consistent petrophysical characters, the sonic curve is
also well defined, and reading along the log is easy
and precise (Fig. 4). On the contrary, in areas with
more complex lithostratigraphy, characterised by
successions of different lithotypes over small inter-
vals, the sonic record is irregular with numerous
oscillations and peaks (Fig. 4). In this case, it is
necessary to rely on the experience of the operator
who identifies the measurement; an average value can
be obtained, but it will be affected by a wide error.

As mentioned above, in carbonate and dolomitic
lithologies, the slowness varies little, but very small
changes correspond to high variations in velocity
because of unit conversion. In contrast, for the
lithologies with higher slowness values, the same Vp
difference corresponds to much greater change in
slowness.

The reasons strong lateral variations in Vp exist,
in at least the uppermost kilometres of depth, are
various, and could be attributed to a combination of
different factors, such as lithology, topographic

>
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variation (linked to different heights above sea level
of the wells), highly variable surface geology, and
complex tectonics. For this last consideration, it
should be noted that the Southern Apennine has
undergone compressional tectonics with estimated
shortening of 280-300 km (Scrocca et al., 2005),
followed by superimposed extensional tectonics.
Therefore, the important Vp variation both laterally
and at depth are also the consequence of the juxta-
position of different paleogeographic domains, not
allowing a linear velocity increase as is observed in
other sectors of the Apennines. Furthermore, as stated
by previous authors, in hydrocarbon reservoirs, sev-
eral different factors can be considered to affect P-
wave velocity; among these, lithology, porosity,
fracture density, pore pressure, and fluid phase are the
most important (Improta et al., 2017).

With this work we have aimed to define in detail
the uppermost kilometres of crust that could be
defined relatively poorly with other methods and that
are normally neglected, to provide a contribution to
better understand the correspondence between the
main lithological units and seismic stratigraphy.
From a geological point of view, knowledge of the
correct P-wave velocities and the associated uncer-
tainties will allow for accurate interpretation of
seismic reflection profiles from the surface to deeper
parts of the crust. With accurate depth conversion, we
can then identify active tectonic structures that cut the
Earth’s surface. Understanding the uppermost kilo-
metres of the crust can be considered the starting
point for subsequent studies of seismic hazard.
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