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The Val d’Agri Basin is a Quaternary sedimentary basin topping multiple tectonic units of the southern Apen-
nines fold-and-thrust belt and a giant oilfield within deeper Apulian Platform carbonates. This basin is bounded
by the seismically active East Agri (EAFS) and Monti della Maddalena (MMFS) extensional fault systems. The
reservoir rocks are sealed and separated from shallower thrust sheets by a clay-rich and overpressured mélange.

U-Pb datin . . . . s
Cmsscumng relations The role of this mélange during fault evolution at shallow crustal levels is widely debated and perhaps under-
0il field estimated. Here, through multi-scale structural analyses and U-Pb dating of syn-tectonic calcite mineralizations,

we gain new insights into the Val d’Agri fault system architecture, their structural maturity, and their relations
with both natural and induced seismicity. Consistent with present-day NE-SW crustal stretching, the macro-scale
structural architecture of both EAFS and MMFS is controlled by NW-SE and NE-SW fault sets, which displaced
and in part re-sheared inherited pre- and syn-orogenic structures. The lack of evident clustering of meso-scale
faults and the radial pattern of related slickenlines suggest that polygonal-like faulting occurred, particularly
along the EAFS, due to lateral spreading of the Irpinia mélange in the subsurface. Structural data show that the
MMEFS is characterized by a higher structural maturity (slip longevity), with calcite U-Pb ages indicating the
onset of long-lasting extensional tectonics in Early-Middle Miocene time. The original results are discussed in
terms of seismotectonic setting of the study area, emphasizing the role played by both the thickness and spatial
distribution of plastic mélange in modulating fluid pressure and seismic faulting.

1. Introduction assessment (Wells and Coppersmith, 1994; Cello, 2000; Manighetti

et al., 2007; Leonard, 2010; Bello et al., 2022).

Faults can act as conduits, barriers, or conduit-barrier systems for
fluids, such as hydrocarbons, groundwater, and geothermal solutions,
promoting their accumulation or leakage into or out from reservoirs (e.
g., Caine et al., 1996; Sibson 2020). In addition to seismic analyses and
numerical modelling, detailed structural characterization at different
scales of exposed faults is required to identify their influence on the
integrity of deep reservoirs and on the fluid storage and migration
properties of fractured reservoirs (e.g., Peacock and Sanderson, 2018;
Smeraglia et al., 2021). Moreover, useful information regarding fault
length, downdip rupture length, bottomset depth, and structural matu-
rity can be obtained with relevant implications for seismic hazard
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Here, we study the intermontane Val d’Agri Basin, located in the
southern Apennine fold-thrust belt (Italy). This basin is characterized by
high seismic hazard, as demonstrated by the 1857 Mw 7.1 earthquake
and several historical and instrumental earthquakes of lower magnitude
(Mallet, 1862; CPTI, 2022). In addition to natural seismicity, induced
seismic events linked to industrial activities recently occurred in the
basin (Valoroso et al., 2009; Stabile et al., 2014, 2021; Improta et al.,
2017; Rinaldi et al., 2020; Hager et al., 2021; Picozzi et al., 2022). The
basin hosts the largest onshore oil field in western Europe, producing
hydrocarbons since 1993, with a current production of 10,000 m3d ! of
oil and 4,000,000 m3 d7! of gas (Hager et al., 2021). Despite its
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economic importance, the geometry, kinematics, and location of main
seismic structures (e.g., Benedetti et al., 1998; Cello et al., 2003;
Maschio et al., 2005; Improta et al., 2010; Bello et al., 2022), as well as
the tectonic architecture and evolution of the basin (Monaco et al., 1998;
Cello et al., 2000; Giano et al., 2000; Maschio et al., 2005; Barchi et al.,
2007; Zembo et al., 2009, 2011; Brozzetti, 2011; Candela et al., 2015;
D’Adda et al., 2017) are still debated.

We present a multidisciplinary study on exposed faults, including
field structural analysis, geometrical and kinematic fault analysis,
multiscale fault length distribution, microstuctural analyses, and calcite
U-Pb dating. In particular, we focus on the assessment of the large-scale
structural architecture of the study area in order to decipher the tectonic
evolution of the basin and the possible relations between exposed
extensional-transtensional faults and sources of natural and induced
seismicity. The fault pattern in the Val d’Agri Basin is very complex and
has been explained through various tectonic evolutionary models. Our
data improve and advance these previous models by providing evidence
for deformation processes hitherto not described in the study area, such
as re-activation of the pre-orogenic forebulge extensional faults
(Doglioni, 1995; Vitale et al.,, 2012; Tavani et al., 2023) and
polygonal-like faulting (i.e., layer-bound normal faults arranged in
polygonal patterns and multi-direction strikes; Xia et al., 2022). These
results may be useful for the exploitation of natural fluids and the
mitigation of seismic hazard.

2. Geological and structural settings
2.1. Southern Apennines

The southern Apennines are the result of the collision and interaction
between the African and Eurasian plates and the intervening Adriatic or
Adria microplate (e.g., Malinverno and Ryan, 1986; Carminati and
Doglioni, 2012). Since the Oligocene, westward-directed oceanic sub-
duction beneath the European plate and, later, the early stage of con-
tinental collision between Adria and Europe caused NNE-SSW oriented
shortening and formed the Apennine accretionary wedge (e.g., Hippo-
lyte et al., 1994; Scrocca et al., 2005).

NE-verging thrusting produced a complex nappe stack, character-
ized, from top to bottom, by the superposition of the following paleo-
geographic domains. Eocene (?)-Miocene wedge top basin deposits
(Fig. 1b), comprising the Gorgoglione Fm., lay uncomformably above
the Albidona Fm. (Fig. 2), which is controversially interpreted as syn-
orogenic sediments deposited during (Lentini et al., 1987; Cello and
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Mazzoli, 1998) or before (Patacca and Scandone 2007; Prosser et al.,
2021) the contractional deformation of Adria paleomargin. The Ligurian
Accretionary Complex is mainly formed by deep-sea sedimentary and
metamorphic rocks (Fig. 1b and 2), which originated from west-directed
subduction of the oceanic crust originally located between the Adria and
the European plates (Patacca and Scandone, 2007; Prosser et al., 2021).
The Adria passive margin, from west to east, includes the Apennine
Carbonate Platform, consisting of a thick succession of shallow water
carbonates of Triassic to Miocene age; the Lagonegro Basin, consisting of
proximal to distal pelagic successions of Triassic to Miocene age; and the
Apulian Carbonate Platform, made of a thick succession of shallow
water carbonates of Triassic to Miocene age (Roure et al., 1991; Monaco
etal., 1998; Patacca and Scandone, 2007, Fig. 1b and 2). The Lagonegro
Basin is deformed into two major thrust sheets: Lagonegro I and Lago-
negro II. These override the underlying Apulian Carbonate Platform
along a regional décollement layer (i.e., Irpinia mélange; Roure et al.,
1991; Mazzoli et al., 2001; Patacca and Scandone, 2007, Fig. 2b). This
decollement layer consists of low permeability (k < 10—7 mD), intensely
deformed and overpressured deep-water clay-rich mudstone and silt-
stones of Miocene to Lower Pliocene age (Mazzoli et al., 2001; Hager
et al.,, 2021). The Irpinia mélange thickness is particularly heteroge-
neous. Generally, it is several hundreds of meters thick (Butler et al.,
2004), with a tendency to thin toward SW and NW (Butler et al., 2004;
Catalano et al., 2004; Ascione et al., 2013; Mazzoli et al., 2014;
Antoncecchi, 2020; Rinaldi et al., 2020); however, locally, it can be as
thick as 2 km, in correspondence of the Val d’Agri oilfield (Hager et al.,
2021).

The transition from mainly thin-to partly thick-skinned contractional
deformation has occurred since Pliocene time (e.g., Butler et al., 2004;
Corrado et al., 2005; Mazzoli et al., 2008). The activation of deep and
steep reverse faults triggered, at shallow crustal levels, syn-contractional
gravitational collapses of the wedge along low-angle normal faults (e.g.,
Bucci et al., 2014; Mazzoli et al., 2014). In early Pleistocene time, the
eastward foreland-directed thrust migration was inhibited by the
thickening of the colliding continental lithosphere (Doglioni et al.,
1994); consequently, strike-slip tectonics became predominant (e.g.,
Hippolyte et al., 1994). In Middle-Late Pleistocene time, coeval with the
opening of the Tyrrhenian Sea back-arc basin, tectonics switched from
compressional/strike-slip to extensional, with a NE-SW direction of
stretching that is still active (Mariucci and Montone, 2020). Extensional
tectonics progressively migrated eastward (i.e., foreland-ward) and
presently affect the axial zone of the southern Apennines. Toward the
east, the Bradano foredeep marks the presently active frontal part of the
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Fig. 1. a) Map of the Apennines subduction front and location of panel-b (white rectangle). b) Structural map of the southern Apennines: different background colors
show the tectonic units (modified by Vezzani et al., 2010; Vitale and Ciarcia, 2018); orange squares: historical earthquakes with intensity > VIII (Maggi et al., 2009);
yellow stars: epicenters with focal mechanisms of the three most recent and largest events (1-Irpinia area, 1980, Mw 6.9, depth 10 km; 2- Potentino area, 1990, Mw
5.7, depth 26 km; 3-Castelluccio area, 1998, Mw 5.6, depth 10 km; Cucci et al., 2004; Maggi et al., 2009). Also, the focal mechanisms of Mw > 4.5 earthquakes
between 1971 and 2023 in the southern Apennines are shown (Cucci et al., 2004; Pondrelli et al., 2020; Table S1). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. a) Geological-structural map of the Val d’Agri Basin (EAFS: East Agri Fault System; MMFS: Monti della Maddalena Fault System) showing: sites of structural
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was drawn following the seismic line interpretation of Mazzoli et al. (2013), Candela et al. (2015), and well stratigraphy reported in Antoncecchi (2020). Shallow
structures are based on surface geology displayed in panel a. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

orogenic belt (e.g., Montone et al., 2004; Ferranti et al., 2009, Fig. 1a).

2.2. Val d’Agri Basin

The Val d’Agri Basin (Fig. 1b) is bounded by two post-orogenic
extensional-transtensional high-angle fault systems: the SW-dipping
East Agri Fault System (EAFS; Fig. 2a) located along the north-eastern
side of the valley, and the NE-dipping Monti della Maddalena Fault
System (MMEFS; Fig. 2a) located along the western side (Cello et al.,
2000; Maschio et al., 2005). Additionally, outcropping faults with
different attitudes were previously recognized and associated with the
polyphasic tectonic evolution of the basin (Cello et al., 2000; Giano
et al., 2000; Bucci et al., 2012; Candela et al., 2015). The origin of the
Val d’Agri Basin and, in particular, the role of the EAFS and/or MMFS is
still debated in the literature. A first model suggested a late-orogenic
strike-slip origin and predominant left-lateral kinematics for the EAFS
faults; these high-angle faults dissected and, in part, reactivated
inherited Late Miocene-Early Pleistocene NNW-SSE-striking flat and
ramp thrusts (e.g., Monaco et al., 1998; Cello et al., 2000). A second
model proposed that the late orogenic strike-slip activity of the EAFS
faults was followed by their dip-slip extensional reactivation during
post-orogenic extension (e.g., Giano et al., 2000; Barchi et al., 2007). A
third and more recent model envisioned that late-orogenic strike-slip
activity of the EAFS faults was followed by the extensional activation of

the NW-SE-striking MMFS high-angle faults during post-orogenic
extension, which generated an asymmetric opening of the Val d’Agri
Basin, and consequently triggered the extensional reactivation of the
EAFS (e.g., Maschio et al., 2005; Zembo et al., 2009, 2011; Brozzetti,
2011).

The structural architecture of the Val d’Agri Basin is further
complicated by the controversial role of the Irpinia mélange. Indeed,
some authors proposed the complete decoupling between structures
located within the Apulian Carbonate Platform and those located within
the allochthonous units (D’Adda et al., 2017; Hager et al., 2021). Others
assessed a potential soft linkage (Borraccini et al., 2002; Candela et al.,
2015), or possible hard structural connections cutting through the
mélange (Barchi et al., 2007; Brozzetti, 2011; Rinaldi et al., 2020; Val-
oroso et al., 2023).

Recent tectonic activity of the MMFS and EAFS is supported by the
results of paleoseismological analyses, which documented active fault-
ing between 40 and 20 ka along the EAFS (Giano et al., 2000), and
between 20 and 0.6 ka along the MMFS (Improta et al., 2010).
Furthermore, historical and instrumental earthquakes occurred in the
Val d’Agri Basin, such as the 1857 destructive event (Mw 7.1;Mallet,
1862, Fig. 1b). The debate concerning the nature, location, and attitude
of seismogenic fault(s) in the area is still open (e.g., Benedetti et al.,
1998; Cello et al., 2003; Maschio et al., 2005; Improta et al., 2010; Bello
et al., 2022).
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In the last decades, low to moderate instrumental seismicity has been
recorded in the Val d’Agri Basin area (Cucci et al., 2004; Improta et al.,
2010, 2017; Maschio et al., 2005; Maggi et al., 2009). In addition, this
area is also affected by induced microseismicity related to industrial
activities. In particular, low-magnitude events that occurred beneath the
southern part of the artificial Pertusillo lake (Fig. 2a) were related to
both loading-unloading effects related to seasonal changes in lake water
level (2003-2005 swarm; Valoroso et al., 2009; Stabile et al., 2014;
Improta et al., 2017; Rinaldi et al., 2020; Picozzi et al., 2022), and to a
combination of water level oscillations with the regional tectonics
(2013-2015 swarm; Picozzi et al., 2022). Furthermore, since 2006,
microseismicity has often occurred due to wastewater reinjection at the
Costa Molina 2 (CM2) hydrocarbon well (Fig. 2a; Improta et al., 2017;
Hager et al., 2021; Stabile et al., 2021).

3. Methods

We conducted field data collection using the FieldMove App on an
Apple iPad to gain structural data such as the attitude of faults and
related slip (striae, slickenfibres). For every ten measurements, we
checked the reliability of digital measurements by comparing them with
those obtained with an analog compass. We classified as meso-scale
faults all measured faults with a lateral continuity longer than 10 m
(Table S2).

Using QGIS software, we produced a structural-geological map
(Fig. 2a) integrating our original fieldwork and previous maps by Car-
bone et al. (1991), Bucci et al. (2012), and Antoncecchi (2020), Palla-
dino et al. (2023) Foglio 505 “Moliterno” and Foglio 489 “Marsico
Nuovo” (ISPRA, https://www.isprambiente.gov.it/Media/c
arg/505_MOLITERNO/Foglio.html; https://www.isprambiente.gov.
it/Media/carg/489_MARSICO_NUOVO/Foglio.html). Exhumed normal
and strike-slip faults with a length >200 m were classified as “macro--
scale faults” (Table S2). We classified as “inferred” buried faults repre-
senting the lateral prolongation of macro-scale faults and those deduced
by seismic studies (e.g., Borraccini et al., 2002; Valoroso et al., 2009;
Improta et al., 2017).

The analysis of fault geometry and kinematics on both macro- and
meso-scale faults was performed using Stereonet and FaultKin software
(https://rickallmendinger.net). We calculated the trend of macro-scale
faults by using the NetworkGT plugin in QGIS software (Nyberg et al.,
2018). To identify the fault sets, we plotted both macro-scale fault trends
and meso-scale fault strikes through rose diagrams (bin size 10°) in
Schmidt projections (lower hemisphere). To assess the fault kinematics,
we plotted the attitudes of meso-scale slip surfaces, slickensides, and
striae.

We performed a multiscale length analysis of macro-scale faults to
evaluate the degree of structural maturity of both EAFS and MMFS. After
topological artifact corrections, we automatically calculated the fault
lengths (L) by NetworkGT QGIS plugin (Nyberg et al., 2018). Then,
using the Excel software, we plotted the lengths of macro-scale faults as
a function of their cumulative number (N) in a log-log space and
computed both exponential (Equation (1)) and power law (Equation (2))
best fit distributions using, respectively:

NL) = a e™ @)
NL) = m* L™P (2)

Where m is the proportionality coefficient for scaling law, D is the fractal
dimension, and a is the exponent of negative exponential distribution
(Bonnet et al., 2001; Ceccato et al., 2022). We calculated the regression
lines and the associated coefficient (i.e., R?) by applying Equations (1)
and (2) to our original dataset. The D value, i.e., the slope of the
power-law regression line, was employed to evaluate the degree of
structural maturity of EAFS and MMFS fault systems and single fault
sets. The structural maturity indicates the slip longevity of a fault,
depending on the fault initiation age, total cumulative slip, length, and
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slip rate (e.g., Manighetti et al., 2007, 2021). Considering that known
fault populations have D values between 0.7 and 2, low D values are
associated with limited structural maturity, whereas high D values
correspond to high structural maturity (Cladouhos and Marrett, 1996;
Spyropoulos et al., 1999; Cello, 2000; Bonnet et al., 2001; Marchegiani
et al., 2006).

We performed microstructural analyses on nine thin sections from
fault rocks by optical and cathodoluminescence (CL; operated at 15 kV
and 250 pA beam current) microscopy at Sapienza University of Rome
and ETH Zurich to identify different events of crystal growth/defor-
mation. On seven additional thin sections (80 pm thick) from slick-
enfibers sampled along differently oriented slickensides (Table S3,
Fig. 1), we attempted carbonate U-Pb dating at ETH Zurich by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
Due to the low U-Pb ratios and/or element remobilizations in associa-
tion with later slip events occurred along single faults (Table S3), only
two sections yielded reliable U-Pb ages. Analytical methods and
correction procedures followed Roberts et al. (2017) and Guillong et al.
(2020). We calculated U-Pb ages from Tera-Wasserburg concordia
lower intercepts using the IsoplotR software package (Vermeesch,
2018). All uncertainties are reported at the 95% confidence level.

4. Results
4.1. Fault geometry and kinematics analyses

At the regional scale, both EAFS and MMFS are segmented (Fig. 2a
and 3) and constituted by faults with variable attitudes. In both fault
systems, the macro-scale faults form two main high-angle fault sets,
respectively trending NW-SE and NE-SW (Fig. 3). The former is the most
frequent and includes fault traces trending ca. N125° (£+15°) in the
EAFS, and ca. N135° (+15°) in the MMFS. The latter includes fault traces
trending ca. N55° (+£15°) in both fault systems (plots 1 and 3 in Fig. 3).

At the local scale, EAFS and MMFS display considerable differences
(Fig. 3). In the EAFS, the meso-scale faults (plots 2 and 3 of Fig. 3) show a
not-to poorly-systematic distribution. Moreover, the attitude of macro-
and meso-scale faults differs (plots 1 and 2 in Fig. 3). For instance, the
NW-SE trend is frequent in the macro-scale faults but much less frequent
at the meso-scale. The NE-SW-trending faults, which are well clustered
in the macro-scale population, show a wide range of strike directions
spanning between N20° and N70° in the meso-scale population (plot 2 in
Fig. 3). We also note that the meso-scale population is characterized by
numerous N-S-striking high-angle faults, which are absent in the macro-
scale population. On the contrary, in the MMFS the orientation of macro-
and meso-scale faults is similar (plots 5 and 6 in Fig. 3 and plot 4 in
Fig. 3). In particular, the NE-SW and NW-SE sets are present at all scales,
and at the meso-scale they are mainly characterized by steep faults (i.e.,
dip angles 60°-90°; plot 6 in Fig. 3). However, we note that the meso-
scale NNE-SSW striking faults are not present in the macro-scale popu-
lation (plots 4 and 5 in Fig. 3).

The slip attitudes of the EAFS faults exhibit an outward radial pattern
(Fig. 4a), whereas within the MMFS fault population, two main slip
directions, namely toward NE-SW and NW-SE, are recognizable over a
background radial pattern. (Fig. 4b). In the MMFS meso-scale faults, the
NE-SW striking set shows normal to mainly dextral transtensional ki-
nematics, whereas the NW-SE striking set shows normal to dextral
transtensional kinematics with minor evidence of left-lateral kinematics
(Fig. 4b).

4.2. Fault length analysis

To evaluate the structural maturity of the fault system, we carried
out a length analysis of macro-scale faults (Fig. 5). The exponential law
provided a fit with a R? > 0.98 for both EAFS and MMFS, whereas the
power law provided a fit of R% = 0.92 and R? = 0.84 for the EAFS and the
MMEFS, respectively. This fitting could be due to the gradual transition
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Fig. 4. Schmidt projections (lower hemisphere) showing attitude of meso-scale fault planes and striae from the EAFS (panel a) and MMFS (panel b). Panel b also
shows the attitude of NE-SW and NW-SE striking faults (green and blue, respectively) and related striae. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

from power law to exponential distribution of fault lengths with the
increase of strain (Bonnet et al., 2001) and/or to resolution issues
related to underrepresentation of shortest (truncation) and longest
(censoring) faults (Ortega et al.,, 2006). However, assuming a
self-organized critical system by fitting the power law (Spyropoulos
et al., 1999), fault growth can be studied as a fractal process as widely

documented in the literature (e.g., Cladouhos and Marrett, 1996; Bonnet
et al., 2001; Ceccato et al., 2022). Excluding data interpreted as trun-
cation or censoring artifacts (empty dots in Fig. 5a-c), we computed a
good best fit for power-law regression (R? > 0.8). In this way, the ob-
tained D values of 0.96 and 1.19 for the EAFS and MMEFS, respectively,
are employed to evaluate the structural maturity of the studied fault
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Fig. 5. Fractal analyses of fault segments from the EAFS and MMFS. a) Log-log diagram of cumulative number vs. fault length for macro-scale faults. The best fit lines
for power law and exponential regressions are dashed in grey and black, respectively. R? is the coefficient of regression. The empty dots are the data excluded from
the power law (see text for details). b) Log-log diagram of cumulative number vs. fault normalized length (i.e., fault length to maximum fault length ratio) for NE-SW
(green dots) and NW-SE (blue dots) fault sets of EAFS and MMFS. The best fit lines for power law and exponential regressions are dashed, colored, and black,
respectively. The empty dots are the data excluded from power law (same reason as above) c) Histograms showing fault length distribution for the NE-SW and NW-SE
fault sets of EAFS and MMFS. d) List of D values and related R?, calculated from power law regressions reported in panels a and b. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

systems. Accordingly, a higher structural maturity degree is assessed for
the MMEFS relative to the EAFS.

Additionally, we perform fractal analysis, separating data associated
with the NE-SW fault set from those of the NW-SE fault set. In order to
compare data acquired for fault sets pertaining to the two fault systems,
we normalized the values of fault length by dividing the single values by
the maximum fault length value. As a consequence, we compute a D
value of 0.77 and 0.74, respectively, for the NE-SW and NW-SE sets
pertaining to the EAFS and a D value of 1.11 and 1.17, respectively, for
the NE-SW and NW-SE sets of the MMFS. We note that the EAFS sets
have D values smaller than those of the entire fault population, whereas
the D values for the MMFS sets are nearly equal to those of the entire
fault population (Fig. 5c¢).

We also analyze the length frequency of the two aforementioned sets
(NE-SW and NW-SE; Fig. 5¢). For both fault systems, the NW-SE set is
more frequent and longer than the NE-SW one. In the EAFS, the NW-SE
faults have a maximum length of c. a. 4 km, whereas in the MMFS, they
reach a maximum length of c. a. 5 km. In the MMFS, the frequency of NE-
SW faults significantly decreases as length increases. The same effect is
less evident in the EAFS.

4.3. Crosscutting relations

We analyze five areas with clear exposures to determine crosscutting
relations among faults (Fig. 2). Site 1 (Fig. 2; 40°16'32'N, 15°53'22E) is
located along the MMFS and exposes Lower Cretaceous limestones of the
Apennine Carbonate Platform (CRQ; Fig. 2) displaced by a S-dipping and

E-W-striking normal fault with less than 50 m-throw (yellow fault in
Fig. 6a). This fault also cuts and displaces a high-angle, NNE-SSW-
striking, left-lateral fault (orange fault in Fig. 6a). At the same locality
(Fig. 6b), we also observe that NNE-SSW-striking slip surfaces show both
left- and right-oblique transtensional kinematics (orange plot). Instead,
the E-W-striking slip surfaces are characterized by pronounced strike
direction variability (from E-W to NW-SE; yellow plot). In places, the E-
W-striking surfaces are cut by high-angle NW-SE-striking normal to
transtensional faults (blue plot; Fig. 6b). All slip surfaces are coated by
calcite slickenfibers. Micro-structural analyses show that the slick-
enfibers include blocky calcite and multiple slip surfaces, consistent
with several phases of fault activity (Fig. 6¢, d, 6e).

Site 2 (Fig. 2; 40°18'17"N, 15°48'00"E) is located along the MMFS,
south of the Tramutola village. There, the Lower Cretaceous limestones
of the Apennine Carbonate Platform (CRQ; Fig. 2) are displaced by a
high-angle, NW-SE-striking normal fault with less than 50 m-throw
(blue fault in Fig. 7a). This fault displaces a NE-SW-striking normal fault
that is partly a reactivation of a 20°-dipping pre-existing thrust fault
(green fault in Fig. 7b).

Site 3 (Fig. 2; 40°19'23"N, 15°45'29"E) is located along the MMFS
(Fig. 8a). There, an E-W-striking right-lateral fault (yellow fault in
Fig. 8a) juxtaposes the Albidona Fm. in the hanging wall against the
Middle-Late Jurassic Apennine Carbonate Platform limestones in the
footwall (CCM; Fig. 2). The fault displaces by ca. 25 m a N-S-striking
extensional fault (purple fault within the plot of Fig. 8a), whose main
slip surface is coated by reddish slickensides (Fig. 8b). The fault rock
consists of a cataclasite close to the slip surface and a proto-cataclasite
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Fig. 6. a) Close-up view of Fig. 2 showing structural site 1, related outcrop, and Schmidt projections (lower hemisphere) indicating an E-W-striking normal fault
(yellow) that displaces a NNE-SSW-striking left-lateral fault (orange). The outcropping formations are: Tithonian-Cenomanian Requienia and gastropods limestones
(CRQ), Eocene-Early Miocene Albidona Fm. (ALB), Early-Middle Pleistocene alluvial deposits (PLE), and Late Pleistocene-Present alluvial/slope detrital/lacustrine
deposits (OLO). b) Outcrop and Schmidt projections (lower hemisphere) of minor faults associated with these faults. The image shows a high-angle NW-SE-striking
normal to transtensional fault (blue) that displaces an E-W-striking normal fault (yellow) that, in turn, displaces a NNE-SSW-striking normal to transtensional fault
(orange). ¢) d) and e) Optical microscopy images (parallel light) of slickenfibers sampled along the fault surfaces shown in Fig. 5b, as indicated by the dashed lines.
Red lines represent slip surfaces, and red arrows represent slip directions and sense of motion. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

far from it (Fig. 8c and d).

Site 4 (Fig. 2; 40°23'03"N, 15°49'38'E) is located along the EAFS, to
the north of the Marsicovetere village. This is shown in the northwestern
part of Fig. 9a, where an E-W-striking normal fault displaces a N-S-
striking fault (Fig. 9b). The E-W-striking fault includes two splays
showing a cumulative displacement of about 100 m and juxtaposing the
Albidona Fm. in the hanging wall (Fig. 2) against the Lower Cretaceous
Apennine Carbonate Platform limestones in the footwall (CRQ; Fig. 2).
The N-S-striking slip surface is coated by reddish slickensides (Fig. 9c
and d), showing both normal and right-lateral kinematics (purple fault
within the plot of Fig. 9b). The fault-related mineralization includes a
mosaic breccia characterized by different slip surfaces, supporting the
occurrence of multiple phases of activity (Fig. 9e).

Toward the east, the Lower Cretaceous Apennine Carbonate Platform
limestones (CRQ; Fig. 2) are displaced by a NW-SE-striking fault, which
offsets multiple NE-SW-striking left-lateral transtensional fault segments
(Fig. 9f). The NW-SE fault surface is coated by calcite slickenfibers
indicating right-lateral transtensional kinematics, hence suggesting
multiple phases of activity (blue fault within the plot of Fig. 9f). The
slickenfibers are very thin, and the fault rock consists of a proto-
cataclasite with survivor grains in contact with each other (Fig. 9g
and h). The NE-SW-striking fault splays include reddish slickensides
consistent with right-lateral transtensional kinematics (green fault
within the plot of Fig. 9f and i). The fault rock also consists of proto-
cataclasite crosscut by multiple slip surfaces, which suggests multiple
phases of activity (Fig. 9k).

Site 5 (Fig. 2; 40°21'50"N, 15°49'23E) is located along the EAFS, to
the north of the Villa d’Agri village (Fig. 7c). There, the Triassic dolo-
mites (DOC; Fig. 2) and Lower Cretaceous limestones (CRQ; Fig. 2) of the

Apennine Carbonate Platform limestones are dissected by a NW-SE-
striking normal fault (blue fault within the plot of Fig. 7c), also dis-
placing a NE-SW-striking normal fault (green fault; Fig. 7g). The latter
fault, in turn, displaces a low-angle E-W-striking normal fault (yellow
fault; Fig. 7d). The NW-SE- and the NE-SE-striking faults are charac-
terized by throws of c. a. 50 and > 150 m, respectively. The NE-SW-
striking fault rock consists of proto-to cataclasite (Fig. 7h), whereas
the E-W-striking fault rock is crosscut by several slip surfaces that
separate gouge, chaotic breccia, and cataclasite (Fig. 7e and f).

4.4. Calcite U-Pb dating

We were able to constrain the time frame of activity of two faults
near structural sites 1 and 2 using calcite U-Pb geochronology (Fig. 2a).
The first U-Pb age is from slickenfibres coating a high-angle NW-SE-
striking right-lateral transtensional fault with a lateral continuity <10
m, exposed to the south of Tramutola village in the Monte Aquila area
(40°17"25"N 15°48'16"E; Fig. 10a and c). The dated fault is a splay
structure of a NNW-SSE-striking normal fault (Fig. 10b), which is cut by
the main NW-SE-striking Monte Aquila Fault (Fig. 10a). This latter fault
juxtaposes Calcari Dolomitici (CLU) in the hanging wall against Dolomie
Indifferenziate (DOC; Fig. 2a). The dated fibers are composed of blocky
calcite crosscut by microscale shear fractures (Fig. 10d). In particular,
we note that the blocky crystals, dated to 13.50 + 2.47 Ma (Miocene;
Fig. 10e), are crosscut by a second generation of slickenfibers with
smaller crystals (Fig. 10d).

The second U-Pb age is from calcite slickenfibres from a high-angle
NE-SW-striking right transtensional fault, exposed in a quarry a few
kilometers west of the Grumento Nova village (40°17'19"N, 15°52'23"E;
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Fig. 7. a) Close-up view from Fig. 2 showing structural site 2 (40°18'17'N, 15°48'00"E), related outcrop, and Schmidt projections (lower hemisphere). The
outcropping formations are: Late Triassic limestones with flint (SLC2), Rhaetian-Cretaceous Scisti Silicei Fm. (STS2), Late Triassic-Paleocene undifferentiated do-
lomites (DOC), Tithonian-Cenomanian Requienia and gastropods limestones (CRQ), Early-Middle Miocene Bifurto Fm. (BIF), and Late Pleistocene-Present Alluvial/
slope detrital/lacustrine deposits (OLO). A high-angle NW-SE-striking normal fault (blue) that displaces a NE-SW-striking normal fault (green) is shown. b) Detail of
the NE-SW-striking fault surface exposed in the footwall of the NW-SE-striking fault. Here the fault strike is partially rotated to N-S (low-angle green plane in the
Schmidt projections). The red arrow represents the slip direction and sense of motion. c) Close-up view from Fig. 2 showing structural site 5 (40°21'50"N, 15°49'23"E),
related outcrop, and Schmidt projections. The outcropping formations are: Late Triassic-Paleocene undifferentiated dolomites (DOC), Tithonian-Cenomanian
Requienia and gastropods limestones (CRQ), Early-Middle Pleistocene alluvial deposits (PLE), and Late Pleistocene-Present alluvial/slope detrital/lacustrine de-
posits (OLO). A high-angle NW-SE-striking normal fault (blue in the figure) that displaces a NE-SW-striking normal fault (green) that, in turn, displaces a low-angle E-
W-striking normal fault (yellow) is shown. d) Exposure of the low-angle E-W-striking fault. €) Rock slab from the core of the low-angle E-W-striking fault. f) Optical
microscopy image (cross-polarized light) from the core of the E-W-striking fault. g) Outcrop of the NE-SW-striking fault. h) Optical microscopy image (cross-polarized
light) from the core of the NE-SW-striking fault. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Figs. 2 and 10f). The dated fault is one of many synthetic and antithetic,
NE-SW-striking, normal to transtensional faults showing both right- and
left-lateral slip components (Fig. 10g), exposed at the hanging wall of
the mapped ENE-WSW-striking fault (Fig. 10f). The dated slickenfibres
(Fig. 10h) are characterized by blocky calcite (Fig. 10i) in contact with a
cataclasite. The U-Pb dating indicates a Pleistocene-Holocene age (0.82
+ 1.28 Ma; Fig. 101).

5. Discussion
5.1. Structural architecture and polygonal-like faulting

At the macro-scale both EAFS and MMFS include two main fault sets,
striking NE-SW and NW-SE, respectively (Fig. 3). However, the results of
multi-scale structural analyses reveal the following differences between
the two aforementioned fault systems: 1) EAFS exhibits a sharp differ-
ence between the macro- and meso-scale structural architectures: meso-
scale faults do not show any systematic fault distribution (plots 1 and 2

of Fig. 3), in accordance with the structural architecture of Apennine
Carbonate Platform limestones outcropping near Viggiano village
(Fig. 2), as described by Abdallah et al. (2023). Differently, MMFS shows
similar macro- and meso-scale structural architectures (plots 3 and 4 of
Fig. 3). Moreover, EAFS displays an outward radial slip distribution
(Fig. 4), whereas MMFS shows two main slip directions over a back-
ground radial slip distribution (Fig. 4b). Furthermore, EAFS is charac-
terized by varying D values of the main fault sets with respect to those
characterizing the whole macro-scale fault population (0.96 and c. a.
0.75; Fig. 5), whereas MMFS shows nearly similar D values for both the
single sets and the entire fault population (c.a. 1.15; Fig. 5).

To explain the data above, we expand on the previous in-
terpretations, highlighting the decoupling role of the Irpinia mélange,
which is the overpressured plastic unit forming the regional-scale
decollement of the fold-and-thust belt (Borraccini et al., 2002; Shiner
et al., 2004; Ascione et al., 2013; Candela et al., 2015; D’Adda et al.,
2017). Accordingly, we propose that a polygonal-like style of faulting
occurred above this unit within the competent carbonate rocks cut by
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Fig. 8. a) Close-up view from Fig. 2 showing structural site 3 (40°19'23'N, 15°4529"E), related outcrop, and Schmidt projections (lower hemisphere). The
outcropping formations are: Middle-Late Jurassic Cladocoropsis and Clypeina limestones (CCM), Middle Miocene Gorgoglione Fm. (FGO), Eocene-Early Miocene
Albidona Fm. (ALB), and Late Pleistocene-Present alluvial/slope detrital/lacustrine deposits (OLO). An E-W-striking normal fault (yellow in the figure) that displaces
a N-S-striking normal fault (purple) is shown. b) Detail of a N-S-striking fault surface coated with reddish slickensides. ¢) Optical microscopy image (parallel Nichols)
of reddish slickensides. d) Cathodoluminescence microscopy image of the reddish slickensides. Within all panels, red lines represent slip surfaces, and red arrows
indicate slip directions and sense of motion. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the EAFS. Indeed, the not-systematic orientation of fault strikes and the
radial pattern of slip directions documented for the EAFS meso-scale
faults are fully consistent with typical features described in
well-recognized polygonal fault systems worldwide (e.g., Cartwright,
2011; Elmahdy et al., 2020; Xia et al., 2022). In fact, polygonal faults are
often composed of a network of minor normal faults confined to a spe-
cific stratigraphic interval by an overpressured and plastic horizon, such
as the Irpinia mélange underneath the allochthonous units in the study
area, and result in the isotropic collapse of the overlying competent
rocks radially spreading above the flattening plastic unit. Consequently,
polygonal faults are commonly characterized by a polygonal arrange-
ment in map view. In our case, this geometry is not evident on a
macro-scale map but is observable in the morpholineaments detailed
map of the north-eastern Val d’Agri Basin (Di Niro and Giano, 1995),
which displays a clear rhomboidal (i.e., polygonal) pattern along EAFS
(Fig. 11).

Therefore, we propose that EAFS is partly polygonal. Specifically,
regional macro-scale faults are mostly controlled by the regional NE-SW
extensional tectonics and are well clustered. Conversely, meso-scale
faults with limited extent at depth exhibit polygonal distribution
(Fig. 12). If this novel interpretation is correct, the polygonal-like faults
of Val d’Agri are among the few polygonal faults so far known in
exposure. Commonly, polygonal faulting is identified in offshore basins
with seismic data (e.g., Tewksbury et al., 2014; Petracchini et al., 2015).
Furthermore, this model could likely be expanded to the Irpinia area
(Fig. 1). Here, Ascione et al. (2013) proposed that short and discontin-
uously exposed faults with different attitude, kinematics, and maturity
are confined at shallow structural levels, similarly to our meso-scale
EAFS faults.

Along MMFS, both the macro-scale and meso-scale faults follow the

main regional tectonic trends (NW-SE and NE-SW; Fig. 3). Moreover,
macro-scale faults are characterized by higher D values than those along
EAFS (Fig. 5). Hence, we propose that faulting along the MMFS was
mostly controlled by the regional extensional tectonics rather than
polygonal faulting (Fig. 12), which, however, may explain a limited
portion of the not-systematic attitude of fault surfaces and radial slip
(Figs. 3 and 4b). The 3D thickness distribution of the Irpinia mélange is
heterogeneous and partly unknown. Some previous studies suggest that
the mélange tends to thin below the MMFS (Catalano et al., 2004;
Mazzoli et al.,, 2014; Antoncecchi, 2020; Rinaldi et al., 2020). This
inference may explain the different occurrence of polygonal-like faults
beneath EAFS and MMFS as described above. This is also consistent with
the fact that productive oil wells in the Val d’Agri are located on the
eastern side of the basin. This suggests that the reservoir seal, provided
by the Irpinia mélange unit, there is thick and mostly intact. Regarding
this heterogeneous distribution of the Irpinia mélange, we speculate that
macro-scale faults should easily cut downward across the mélange
where it is thinner (mainly below the MMFS; Fig. 12). Instead,
soft-linkage between shallow and deep structures is proposed to occur
where the mélange is thicker (mainly below the EAFS; Fig. 12).

5.2. Relative timing of fault sets activity and tectonic evolution

The NE-SW- and NW-SE-striking faults represent the main regional
tectonic trends of the Val d’Agri basin. Coherently with previous ob-
servations (Maschio et al., 2005; Bucci et al., 2012), the crosscutting
relations documented for MMFS and EAFS show that the extensional
NW-SE faults displace the extensional NE-SW faults (sites 2, 4, and 5 of
Fig. 11), as well as most of the other differently striking faults (Fig. 2a
and site 1 of Fig. 11). In addition, we report that high-angle normal to
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Fig. 9. a) Close-up view from Fig. 2 showing structural site 4 (40°23'03'N, 15°49'38"E). The outcropping formations are: Late Triassic-Paleocene undifferentiated
dolomites (DOC), Late Triassic-Late Cretaceous Dolomitic limestones (CLU), Tithonian-Cenomanian Requienia and gastropods limestones (CRQ), Eocene-Early
Miocene Albidona Fm. (ALB), Early-Middle Pleistocene alluvial deposits (PLE), and Late Pleistocene-Present Alluvial/slope detrital/lacustrine deposits (OLO). b)
Outcrop and Schmidt projections (lower hemisphere) showing an E-W-striking normal fault (yellow) that displaces a N-S-striking normal to right-lateral fault
(purple). ¢ and d) Details of the N-S-striking fault surface coated with reddish slickensides. ) Optical microscopy image (parallel Nichols) of the reddish slickenfibers.
) Outcrop and Schmidt projections showing a NW-SE-striking left-lateral to right-oblique transtensional fault (blue) that displaces a NE-SW-striking right-lateral fault
(green). g) Detail of the NW-SE-striking fault surface coated with calcite slickenfibers. h) Optical microscopy image (parallel Nichols) of the calcite slickenfibers. i)
Detail of the NE-SW-striking fault surface coated with reddish slickensides. k) Optical microscopy image (parallel Nichols) of the reddish slickenfibers. Within all
panels, red lines represent slip surfaces, and red arrows indicate slip directions and sense of motion. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

right-lateral E-W striking faults crosscut both the N-S and NNE-SSW
striking faults characterized by normal to lateral slip (Fig. 11, sites 1,
3, and 4). Furthermore, we show that the low-angle E-W striking normal
faults, previously interpreted as syn-contractional gravitational col-
lapses (Bucci et al., 2012, 2014), are displaced by the NE-SW striking
normal faults (Fig. 7 and site 5 of Fig. 11). Finally, along the basin sides,
the N-S striking low-angle thrusts are consistently displaced by the
NE-SW, NW-SE, and E-W striking normal faults (Fig. 2a) and, in places,
partly reactivated by NNE-SSW striking faults (Fig. 2a and 7, and site 2
of Fig. 11).

All pieces of evidence above indicate that the development of the Val
d’Agri Basin was caused by extensional faulting along NW-SE striking
faults and, subordinately, NE-SW striking faults. Both fault sets crosscut
and partly reactivated the Late Miocene-Early Pleistocene orogenic
structures, consisting of thrust faults, strike-slip faults, and low-angle
extensional faults (Hippolyte et al., 1994; Monaco et al., 1998; Bucci
et al., 2012, 2014; D’Adda et al., 2017; Manniello et al., 2023). The
coeval activity of NE-SW and NW-SE extensional faults is fully consistent
with present-day NE-SW crustal stretching (Mariucci and Montone,
2020), as observed in other extensional basins worldwide (e.g., Destro,
1995; Acocella and Funiciello, 2006). These regional extensional

10

tectonics are superimposed on or accompanied by local polygonal
faulting, mainly observed in the EAFS (Fig. 12).

The new U-Pb ages of syn-tectonic calcite provide additional con-
straints on the tectonic evolution of the study area. In the Monte Aquila
locality, the activity of the NW-SE-striking fault segment, exposed in the
footwall of the main NW-SE-striking Mt. Aquila Fault, is Early-Middle
Miocene (13.5 + 2.47 Ma; Fig. 11). This age is considerably older
than those assessed for the three post-orogenic slip events recognized
along this fault, which were dated to Late Pleistocene-Holocene times
through C!'* dating of displaced paleosols (Improta et al., 2010).
Coherently with structural observations in other fold and thrust belts
worldwide (e.g., Bradley and Kidd, 1991; Ranero et al., 2003) as well as
in central Apennines (Vitale et al., 2012; Mercuri et al., 2022) and with
similar radiometrically dated pre-thrusting Middle Miocene extensional
faults of the southern Apennines (Tavani et al., 2023), we ascribe this
faulting phase to the forebulge-related stretching of the foreland litho-
sphere associated with the Adriatic plate subduction.

In contrast, near the Grumento Nova village, the activity of a NE-SW-
striking right-lateral transtensional fault exposed in the hanging wall of
a main ENE-WSW-striking normal fault is Middle Pleistocene-Holocene
(0.82 + 1.28 Ma; Fig. 11). This radiometric age is consistent with the
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Fig. 10. a) Close-up view of Fig. 2 showing the location of the dated NW-SE-striking fault. b) Outcrop and Schmidt projections (lower hemisphere) of the dated fault
(red). The photograph also shows the bedding attitude (black) and another NNW-SSE-striking normal fault (violet). c) Detail of the dated fault surface coated with
calcite slickenfibers. d) Optical microscopy image (parallel Nichols) of the calcite slickenfibers. e) U-Pb Tera-Wasserburg plots for the older generation of calcite
slickenfibres of Fig. 10d f) Close-up view from Fig. 2 showing the location of the dated NE-SW striking fault. g) Outcrop and Schmidt projections of the NE-SW-
striking normal to transtensional fault segments. The photograph also shows the dated fault segment (red), other NE-SW-striking faults (green), and attitude of
bedding (black). h) Detail of the dated fault surface coated with calcite slickenfibers. i) Optical microscopy image (parallel Nichols) of the calcite slickenfibers. 1)
U-Pb Tera-Wasserburg plots of the calcite slickenfibres in Fig. 10i. Within all panels, red lines represent slip surfaces, and red arrows indicate slip directions and sense
of motion. FAC: Early Triassic Monte Facito Fm.; DOC: Late Triassic-Paleocene undifferentiated dolomites; CLU: Late Triassic-Late Cretaceous Dolomitic limestones;
CRQ: Tithonian-Cenomanian Requienia and gastropods limestones; RDT: Cenomanian-Santonian Radiolitidae limestones; ALB: Eocene-Early Miocene Albidona Fm.;
OLO: Late Pleistocene-Present Alluvial/slope detrital/lacustrine deposits. In U-Pb Tera-Wasserburg plots, the black line is the regression line that intercepts the
concordia curve (orange line) with its 95% confidence intervals (grey bands). MSWD is the mean squared weighted deviation. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Middle Pleistocene-Holocene age proposed for post-orogenic exten- respectively) and manmade-induced clusters (Costa Molina 2 and Per-
sional faulting based on geomorphological studies (Maschio et al., 2005; tusillo Lake, Fig. 13c and e, respectively). We plot the attitude of nodal
Zembo et al., 2009, 2011). planes in rose diagrams (bin size 10°) as follows: 1) just one nodal plane

(red) for focal mechanisms where the slip plane was already interpreted
(Improta et al., 2017); 2) both nodal planes (grey) for other cases
(Fig. 13).

To compare the results of our structural analysis with the attitude of The focal mechanisms of the strongest earthquakes in the southern
seismic sources in the study region, we consider the focal mechanisms of Apennine (Fig. 13a) mostly display NW-SE striking normal faults with
the 1971-2023 Mw > 4.5 earthquakes (Gasparini et al., 1985; Cucci NE-SW oriented dip-slip motion, coherent with the present-day NE-SW
et al., 2004; Pondrelli et al., 2020; http://terremoti.ingv.it/) in the tensional stress field (e.g., Maggi et al., 2009; Ferranti et al., 2009;
southern Apennines (Table S1; Fig. 13a), and of the 2001-2014 1<M; < Mariucci and Montone, 2020). In the Val d’Agri Basin, background
2.9 earthquakes in the Val d’Agri Basin (Improta et al, 2017, seismicity is primarily enucleated within the Apulian Carbonate Plat-
Fig. 13b—e). Data by Improta et al. (2017) are subdivided into natural form in correspondence with high Vp/Vs ratio domains (Improta et al.,
clusters (Marsicovetere and Monti della Maddalena, Fig. 13b and d, 2017), and hence likely in association with high pore fluid pressure as

5.3. Seismotectonic implications
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Fig. 12. Cartoon of the present-day Val d’Agri Basin fault architecture that
shows: the macro-scale architecture and maturity; the meso-scale polygonal
faulting (mainly developed in the EAFS); the natural low-magnitude back-
ground seismicity (mainly concentrated along the MMFS); and the high fluid
pressure (HFP)-induced seismicity.

previously suggested for the Irpinia area (Amoroso et al., 2014). Natural
microseismicity mainly pertains to the MMFS (Monti della Maddalena
cluster; Fig. 13d). The results of the fault fractal analysis reported in this
work show that the MMFS is characterized by higher structural maturity
than the EAFS (Fig. 5). This is consistent with the 13-Ma-long tectonic
activity constrained by U-Pb dating (Fig. 11). Cello et al. (2000)
empirically correlated the higher structural maturity of the fault systems
with the increasing magnitude of recorded earthquakes. In this regard,
we note that the maturity degree computed for the MMFS (D = 1.19) is
coherent with those (1.1 < D < 1.3) characterizing other active exten-
sional fault systems of the Central Apennines (e.g., Norcia, Colfiorito,
Mt. Gorzano, Mt. Vettore; Cello, 2000), able to enucleate strong and
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destructive earthquakes (5 < Mw < 6.7).

The Monti della Maddalena cluster is subdivided into deep events,
located at depths of 10-12 km, and shallow events occurring at depths of
1-4 km (Fig. 13d). Nodal planes of the deep sub-cluster are interpreted
as related to transtensional reactivation of a pre-existing NNE-SSW
striking fault within the Paleozoic crystalline basement (Shiner et al.,
2004; Mazzoli et al., 2013; D’Adda et al., 2017; Improta et al., 2017).
Instead, the nodal planes of the shallow sub-cluster display a prevailing
NW-SE strike distribution. They are interpreted as extensional activa-
tions of NW-SE-striking MMFS fault segments, likely correlated with
Late Pleistocene-Holocene coseismic activity of the Mt. Aquila area
(Fig. 13; Improta et al., 2010, 2017). Secondarily, natural seismicity
occurred also along the EAFS (Marsicovetere clusters; Fig. 13b) atc. a. 6
km depth within the Apulian Carbonate Platform. Nodal planes from
these focal mechanisms are interpreted as right-lateral reactivations of
an inherited NE-SW striking transpressional blind fault (Improta et al.,
2017). This fault, previously recognized by Nicolai and Gambini (2007),
D’Adda et al. (2017), and Hager et al. (2021) through seismic in-
terpretations, hosts pronounced methane near surface soil gas anomalies
(Beaubien et al., 2023). In summary, fault plane solutions from natural
low-magnitude events show that seismicity is mainly located along
NW-SE-striking normal faults and secondarily along NE-SW-striking
oblique faults (Fig. 13). Since these trends coincide with the main two
sets of macro-scale EAFS and MMFS faults (Fig. 3), we highlight that, at
the macro-scale, the fault system architecture generally reflects the ge-
ometry and kinematics of recent seismic sources. Furthermore, the
coeval seismic activity of NW-SE and NE-SW striking faults suggests that
they are active under the same NE-SW tensional stress field (Mariucci
and Montone, 2020, Fig. 12).

Regarding the induced seismicity connected with artificially raised
pore fluid pressure, nodal planes from these focal mechanisms do not
show a systematic geometry, similarly with the outcomes of the EAFS
meso-scale dataset. In detail, the seismic events pertaining to the
induced Costa Molina 2 cluster, located along the EAFS at depths of 3-5
km (Fig. 13c), are interpreted as extensional to oblique reactivations (i.
e., inversions) of a Pliocene NW-SE-striking back-thrust and of other
small faults striking mostly E-W to NNW-SSE (Buttinelli et al., 2016;
Improta et al., 2017). Instead, the Pertusillo Lake cluster, which
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low-magnitude Pertusillo Lake cluster of earthquakes. Within all rose diagrams, the bin size is 10°. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

occurred at depths of 2-7 km along the MMFS (Fig. 13e), is interpreted
as the extensional-to-oblique and right-lateral (re)activations of blind
fault segments, respectively, striking NW-SE and NE-SW.

The high pore fluid pressure changes along the EAFS, induced by
fluid injection within the Costa Molina 2 well (Improta et al., 2017;
Hager et al., 2021; Roselli et al., 2023), as well as the high pore fluid
pressure diffusion from the Pertusillo lake to the MMFS, induced by
water level oscillations in combination with regional tectonics (Butti-
nelli et al., 2016; Improta et al., 2017; Picozzi et al., 2022), might have
allowed the reactivation of less favorably oriented faults (e.g., Keranen
et al., 2013; Scuderi and Collettini, 2016; Grigoli et al., 2018), previ-
ously generated by polygonal faulting or inherited by the complex tec-
tonic evolution of the area (Fig. 12). Moreover, the distribution of
manmade seismicity along the EAFS and MMFS was previously inter-
preted as the consequence of different rheological properties. Indeed,
the mélange thickness >1 km that compartmentalized the reservoir
beneath the EAFS did not permit the propagation of pore fluid pertur-
bations from the Costa Molina 2 well toward the SW (Valoroso et al.,
2023) and from the Pertusillo Lake toward the NE (Rinaldi et al., 2020).

6. Conclusions

The Val d’Agri Basin area hosts the largest onshore hydrocarbon field
in Western Europe and constitutes a scientifically interesting and chal-
lenging natural laboratory for integrated structural and seismotectonic
analyses. In fact, many geological, structural, and seismological studies
were recently published on this area. Yet we believe there is still much
room to better understand the past, present, and future relations among
the inherited architecture of the fold-and-thrust belts, extensional
faulting, and earthquake processes. The main results and new observa-
tions arising from the present study are the following.

13

1 The plastic Irpinia tectonic mélange lying beneath the allochthonous

units and the Quaternary Val d’Agri Basin is interpreted as one of the
main controlling factors of the structural architecture of the study
area. In addition to the main NW-SE and NE-SW fault trends related
to the ongoing post-orogenic extension, we recognized meso-scale
polygonal-like style of faulting likely connected with the lateral
spreading of rocks above the tectonic mélange. Indeed, we docu-
mented that this fault pattern is more developed along the north-
eastern side of the basin, where the mélange tends to be thicker.
The seal capability of the Irpinia mélange provides efficient control
on sub mélange pore fluid pressure and on its propagation, with
implications for the triggering of natural and induced seismicity in
the Val d’Agri Basin area.

2 We provided the first U-Pb ages of high-angle extensional fault zones

in the Val d’Agri Basin area. The Holocene to Present activity of the
MMFS involves faults active during Early-Middle Miocene that
originated during the foreland flexure-related extensional faulting of
the southern Apennine. These data, together with the crosscutting
relations documented among the exposed large faults, confirm that
the pre- and syn-compressional tectonic structures strongly influence
present-day fault architecture of the Val d’Agri Basin.

3 Most natural low-magnitude earthquakes enucleate along the NW-SE

striking fault system in the south-western side of the basin (MMFS) in
response to the present NE-SW crustal stretching. This system is also
characterized by a D value of 1.19, indicating high structural
maturity (i.e., slip longevity). This spatial relationship between
present seismicity and structural maturity is particularly interesting
but not yet fully understood in view of seismic hazard evaluation,
both in the Val d’Agri Basin area and elsewhere.

Manmade fluid pressure changes in the subsurface induce low-
magnitude earthquakes that likely activate the numerous pre-
existing and variably-oriented faults and take advantage of tectonic
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stress connected with the ongoing extensional tectonics. Therefore,
we delineate a complex seismotectonic framework for the Val d’Agri
Basin, characterized by the interaction among local stress, inherited
structures, polygonal faulting, and stress change induced by
artificially-raised high fluid pressure.

5 Our structural study of the Val d’Agri demonstrates how the pattern
of faults and therefore their seismic activation (both natural and
induced) can be strongly controlled by the pre-existing tectono-
stratigraphic architecture (i.e., tectonic history) and the rheology of
the lithological components. These latter can indeed strongly influ-
ence the circulation of fluids (natural or artificially introduced), their
pressures, and also the propagation of faults and their modes of
activation.
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