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Abstract Fluid‐induced seismicity has been a particularly emphasized mechanism over the last few years,
especially after fluid‐related, moderate‐to‐large earthquakes have been observed in several locations around the
globe. Several studies suggest that the relationships between seismicity and fluid presence are related to
variations in the stress state of rocks, due to the increase or drop of the pore fluid pressure. In this scenario, the
Val d’Agri represents a precious case study where fluid‐induced seismicity is observed. In this area, two seismic
clusters are observed in the Apulian Carbonate Platform, caused by (a) wastewater reinjection that reactivated
the Costa Molina Fault blind thrust, and (b) seasonal water loading from the Pertusillo reservoir. The
mechanisms behind these reactivated faults' evolution are still uncertain, especially in the compressive/
extensional tectonic setting characterizing the area's evolution. Consequently, the distribution of the seismic
potential in the region is largely unconstrained. We constructed a numerical thermo‐mechanical model to
identify the main mechanisms that promoted the Val d’Agri present‐day tectonic setting and to assess the
seismic hazard characterizing this region. We show that deformation within the Sedimentary Cover and the
Crystalline Basement decoupled along a major décollement layer, represented by the Triassic Burano
Formation. We also estimate the Coulomb stress (σC) in the region, assessing the crust's potential to generate
earthquakes. Our results suggest that σC > 0 in a large part of the crust, and therefore that fluid injection may be
particularly effective for the reactivation of buried structures, especially at a depth between ≃2 and ≃6 km.

Plain Language Summary Fluids are one of the elements that can generate seismicity. The Val
d’Agri is one of the regions where the injection of wastewater at depth in the subsurface caused the generation of
low‐magnitude earthquakes in the proximity of the Costa Molina well, while the presence of the Pertusillo Lake
led to further seismic activity in the SW area of the valley. This seismicity is generated along faults whose
geometry and evolution are still a matter of debate. One of the consequences of this uncertainty is that the
seismic hazard that characterizes the Val d’Agri and surrounding regions is not very well constrained.
Therefore, we built up a numerical model that identifies the factors leading to the present‐day fault configuration
and activity in the area. In addition, we provide an estimation for the potential seismic hazard that characterizes
the Val d’Agri. We show that the Val d’Agri configuration is largely due to a decoupled deformation of the
sedimentary cover with respect to the crystalline basement. In addition, stress field estimations in the region
suggest that the Val d’Agri is a high seismic hazard area, where fluid‐related human activities in the subsurface
should be carried out with caution.

1. Introduction
The continental crust's mechanical behavior has a major impact on the tectonic evolution of the lithosphere (e.g.,
Gogus & Ueda, 2018; Huismans & Beaumont, 2011; Lavecchia, Beekman, et al., 2016; Lavecchia, Clark,
et al., 2016). While the continental crust is subjected to stress stemming from both deep and surface processes, its
complex response is due to its space and time variations in the lithological, structural, and physical properties.
Consequently, its deformation history is often complex and difficult to predict and therefore many regions around
the globe are characterized by complex deformation patterns, whose evolution is still not fully understood (e.g.,
Corti et al., 2010; Ebinger, 2005; Pedersen et al., 2009; Ranalli, 2000). In such a scenario, numerical models
constituted an invaluable investigation tool highlighting how regional tectonics can be the result of several
mechanisms acting simultaneously, often at different times and intensities (Ballato et al., 2019; Brune et al., 2017;
Burov & Poliakov, 2001; Gerya et al., 2000; Huismans & Beaumont, 2011; Vogt et al., 2013; Waltham, 1992).
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The presence of fluid phases, either generated by phase changes or coming from an external source, is un-
doubtedly one of the most prominent elements that can have an impact on the crust's mechanical strength and
behavior. As an example, although several aspects of rock‐fluid interaction mechanisms still constitute a debated
field of research, several previous studies already highlighted the strong weakening effect of fluid phases on rock
strength (e.g., Sibson, 2000).

Among the consequences of fluid presence at various depths in the crust, enhanced seismicity is one of the most
remarkable (e.g., Audin et al., 2002; Benson et al., 2020; Gardonio et al., 2018). The effect of fluids on seismic
activity has been initially related to an increase in pore fluid pressure, that causes a decrease in effective normal
stresses and allows fault slip at near‐ambient values of shear stress (e.g., Healy et al., 1968; Raleigh et al., 1972,
1976). However, it was also observed in several cases that fluid extraction, and therefore a drop of pore fluid
pressure, was accompanied by faulting and seismicity (Yerkes & Castle, 1976), due to the perturbation of the
rocks' local state of stress (Segall, 1989). This effect may occur especially on a short time scale, when the presence
of interconnected fluid phases decreases the shear stress needed to produce rock failure and favors the likelihood
of faulting and sliding (e.g., El Hariri et al., 2010; Ranalli, 1995; Van Dinther et al., 2013). The effect of fluids on
rock strength is related to the effect of pore fluid pressure on fault strength, which is quantified by the Coulomb
failure stress change law (e.g., Kilb et al., 2002; King et al., 1994; Reasenberg & Simpson, 1992; Toda
et al., 2011) and determines a decrease in fault strength when the pore fluid pressure increases (e.g., Nakagomi
et al., 2021; Stabile et al., 2021). This effect is further enhanced when fault stress is near failure conditions, and
consequently, a small stress increase is enough to cause new ruptures (e.g., Alt et al., 2016). It has been suggested
(Harris, 1998; King et al., 1994, and references therein) that changes in pore fluid pressures as low as 0.01 MPa
can be locally sufficient to trigger earthquakes.

Previous works have already shown a correlation between fluids and an increase in the seismic hazard in the
Apennines region (Talone et al., 2023). In this scenario, the Val d’Agri (VA) (Figure 1) represents a perfect
example of how crustal structure and seismic behavior can result from several factors interacting with one
another. The VA is delimited by two main systems of high‐angle normal faults, namely the Eastern Agri Fault
System to the northeast (Cello et al., 2003) and the Mts. Maddalena Fault System to the southwest (Maschio
et al., 2005). Extensional tectonics in the uppermost crustal levels is located above km‐scale anticlines at a depth
between 2 and 6 km (Nicolai & Gambini, 2007). The region is characterized by extensional rates of 2–5 mm/yr
(e.g., D’Agostino et al., 2008) and low to average heat flow values (e.g., Megna et al., 2014, and references
therein). Several medium to high magnitude earthquakes have occurred in the VA in historical times, that is, the
1857 Mw7 Basilicata earthquake (Boschi et al., 2000), suggesting a high seismogenic potential of the region. In
addition, the VA is characterized by important oil reservoirs, that make it the largest productive oil field in
Western Europe (Holton, 1999). Several studies highlight the occurrence of artificially induced seismicity, both
during and after operations of fluid injections (Albaric et al., 2014; Evans et al., 2005; Hsieh & Bredehoeft, 1981;
Stanchits et al., 2011). Similarly, in the VA the relationships between oil exploitation activity and seismicity have
been well established in several previous studies and can be both related to oil extraction with progressive
depletion of the reservoir (Hager et al., 2021) and disposal of wastewater through pumping at the Costa Molina 2
(CM2) injection well (Buttinelli et al., 2016; Improta et al., 2017; Stabile, Giocoli, Perrone, et al., 2014; Stabile
et al., 2021), where fluids are injected back into the same hydrocarbon reservoir in a compartment hydraulically
connected to the production area (Stabile & Telesca, 2023). Other mechanisms generating seismicity in the VA
are those related to seasonal loading produced by the Pertusillo Lake (PL) artificial reservoir, characterized by
seasonal annual fluctuations of around 10–15 m and extreme recorded values of 50 m (Stabile, Giocoli, Lapenna,
et al., 2014). The observed seismicity is actually due to mechanisms of pore fluid pressure diffusion (e.g., Stabile,
Giocoli, Lapenna, et al., 2014; Stabile et al., 2015; Telesca et al., 2015) as well as to the combined hydraulic and
mechanical effects of the loading changes due to the seasonal variations of water level of the lake (e.g., Rinaldi
et al., 2020).

According to several geological and geophysical studies (e.g., Butler et al., 2005; Improta & Corciulo, 2006;
Mazzoli et al., 2001; Mazzotti et al., 2000; Menardi Noguera & Rea, 2000; Patacca & Scandone, 2001; Scrocca
et al., 2003, 2005; Speranza & Chiappini, 2002; Steckler et al., 2008), the mechanisms that generated the current
tectonic setting and the related stress field in the VA area are mainly connected to the expansion of the Tyrrhenian
back‐arc extension in the Southern Apennines region. However, the presence of active faults, their location and
their possibility to generate earthquakes are still a matter of debate, especially in the presence of a fluid circulation
system (Improta et al., 2014; Maschio et al., 2005). For this purpose, we constructed a 2D thermo‐mechanical
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model taking into account the effect that temperature, lithology, kinematic variations and fluids can exert on rock
strength and deformation. The need for a careful evaluation of the hazard connected to fluid‐induced seismicity
has already been highlighted in previous numerical models in several regions around the globe (e.g., Baisch
et al., 2010; Deng et al., 2021; Hearn et al., 2018; Maurer et al., 2020; Yoon et al., 2017). In addition, the study by
Hager et al. (2021) addressed the issue of the presence and level of activity of faults within the VA region by
coupled flow, geomechanical and earthquake models. This study, however, relies upon the mapping and inter-
pretation of faults either recognized by the authors or shown in previous studies, with in situ stress conditions
derived from borehole breakouts and induced fractures. Consequently, the possibility of unknown faults and
uncertainty of fault geometry in the subsoil are factors to be taken into account. On the other hand, our study
reproduces the evolution of the valley's structural setting, therefore providing information on the present‐day
faults' characteristics. With this model, we aim to better assess the factors leading to the present‐day structure
of the region and their interactions. In addition, it provides an evaluation of the stress field affecting the VA,

Figure 1. Schematic geological map of the VA. Data are taken from Bonardi et al. (1988), Carbone et al. (1991), Maschio
et al. (2005), and Palladino et al. (2023). The red lines define the main fault systems observed in the region (EAFS: Eastern
Agri Fault System; MMFS: Mts. Maddalena Fault System). The black dotted box encloses the region where seismicity has
been used for the model validation. The red dots represent the position of the earthquake epicenters recorded in the study
area. The black dashed lines have a length of 40 km, corresponding to the region of the model going from x = 40 km to
x = 80 km in Figure 2, and indicate the profiles simulated in case B (segment A‐B) and C (segment C‐D).

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028710

LAVECCHIA ET AL. 3 of 30

 21699356, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028710 by U
niversity D

egli Studi D
i B

ari, W
iley O

nline L
ibrary on [02/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



allowing us to reconstruct the relationships between stress, rheology, faults and fluids in the region and to estimate
the seismic hazard connected to fluid‐related seismicity in the valley and surrounding areas.

2. Geological Setting
The VA is a Quaternary, WNW‐ESE elongated intermontane basin. It is located in the axial part of the Southern
Apennines thrust and fold belt, which originated from the Miocene to early Pleistocene contractional tectonics,
resulting from the collision of the African and Eurasian lithospheric plates (e.g., Aliaj, 2006; Malinverno &
Ryan, 1986; Menardi Noguera & Rea, 2000; Patacca et al., 1990; Stein & Sella, 2006). The Southern Apennines
evolution is characterized by a polyphase tectonic history, that reflects on the mountain belt's stratigraphic and
structural configurations. The formation of the Southern Apennines is predated by an extensional phase (e.g.,
Mattavelli et al., 1991; Stampfli, 2005; Stampfli et al., 2002, and references therein) that led to the deposition of
Paleozoic‐Triassic sediments above the Crystalline Basement (CB) (Patacca et al., 2008) and, subsequently, to the
deposition of a thick shallow water carbonate platform between late Triassic and late Cretaceous (e.g., Del Ben
et al., 2010; Scrocca, 2010, and references therein) and its separation by a deep water basin filled with siliclastic,
siliceous and carbonatic sediments that, at the present day, constitute the Lagonegro units (Cello &
Mazzoli, 1998).

Since the late Cretaceous, N‐S and NE‐SW shortening phases, connected to the Eurasia‐Africa plate convergence,
were responsible for the formation of the Liguride accretionary complex, with the subsequent involvement of the
Apennine sector of the carbonate platform and the Lagonegro units in the contractional deformation during the
Middle Miocene. These Units overrode the Apulian sector of the carbonate platform starting from the late
Miocene (e.g., Butler et al., 2005; Cello & Mazzoli, 1998). Afterward, the Miocene to Quaternary evolution has
been characterized by the eastward slab roll‐back (Doglioni et al., 1996) that caused extension in the Tyrrhenian
basin (Buiter et al., 1998, and references therein) and the eastward migration not only of the thrusts fronts, as
testified by the presence of several piggy‐back basins developed on top of the allochthonous units, but also of the
backarc tectonics, that affected inland mountain basins at the rear of the accretionary wedge (e.g., Doglioni, 1991;
Malinverno & Ryan, 1986; Patacca & Scandone, 2001; Patacca et al., 1990).

The VA is bordered by two main fault systems, namely the Eastern Agri Fault System and the Mts. Maddalena
Fault System, although the activity of either of the systems is still not well defined (Cello et al., 2003; Maschio
et al., 2005). This basin is filled with Quaternary continental deposits overlying a sequence constituted, from the
top to the bottom, by (a) a pre‐Quaternary substratum consisting of allochthonous units, (b) a ≃7 km thick
carbonate formation of the Apulian Carbonate Platform (ACP), (c) Triassic evaporite formation (Burano For-
mation (BF)), and (d) the crystalline basement (Doglioni et al., 1999; Scrocca et al., 2005; Valoroso et al., 2011,
and references therein). The allochthonous units consist of Mesozoic‐Paleogene carbonate platform and pelagic
basin units (Lagonegro Units), unconformably overlaid by Tertiary siliciclastic sediments (Gorgoglione Flysch
and Albidona Formation) (e.g., Buttinelli et al., 2016, and references therein). A layer of primary interest is
constituted by a melange zone at the base of the Allochthonous units (AU) several hundred meters thick and
mostly made up of mudstone and siltstone (Mazzoli et al., 2001). This layer has been interpreted as a level of
décollement between the AU and the ACP. In addition, it acted as a seal for the migration of deep fluids (i.e., oil)
toward the surface (Stabile, Giocoli, Perrone, et al., 2014).

After a period of compression, coherently with the shortening experienced by the Southern Apennines, the VA is
undergoing extension at a rate of a few mm/yr (Amato & Montone, 1997; D’Agostino et al., 2008) since at least
the Middle Pleistocene (Cinque et al., 1993). In this framework, the role of the border faults is still a matter of
debate. Field and geophysical surveys (e.g., Benedetti et al., 2002; Cello et al., 2003; Colella et al., 2004) highlight
a remarkable role of the Eastern Agri Fault System in driving the basin opening. On the other side, other studies
suggest that the most recent basin evolution is controlled by motion along the Mts. Maddalena Fault System,
recognizing its seismogenic potential (Maschio et al., 2005; Morandi & Ceragioli, 2002; Zembo, 2010).

3. The Model
3.1. General Aspects

The model aims to identify the main mechanisms that controlled the structural evolution of the VA and caused or
promoted the present‐day seismic pattern. For this purpose, we reproduced the compressional/extensional history
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of the VA and surrounding region during the Quaternary (Figure 2). We have chosen this time period because by
the early Pleistocene the Apulian Platform has been tectonically buried by the allochthonous wedge (Ascione
et al., 2012), allowing us to approximate the latter as a single layer overlying the carbonates at the onset of the
simulation. In addition, 2.6 Myr is a much larger period than the Maxwell relaxation time of the crust
(Bailey, 2006; Curbelo et al., 2019). Therefore, with these assumptions, we can consider the crust as a highly
viscous fluid.

We carried out simulations using the open‐source code ASPECT 2.3.0 (Kronbichler et al., 2012). ASPECT is a
code based on the Finite Element Method, designed to solve geodynamic problems by describing the motion of
highly viscous materials with complex, nonlinear rheology, driven by gravitational instability. The parameters
adopted in the entire model are given in Table 1. The VA crust is modeled as a 2D, stratified rectangular domain Ω
with an extensionWM= 120 km and an initial thicknessHM= 20 km (Figure 2a), roughly corresponding to a SW‐
NE section cross‐cutting the valley and subperpendicular to the Southern Apennines. The chosen extension of the
model is much larger than the VA extension, therefore any possible boundary conditions‐related numerical ar-
tifacts do not affect results in our region of interest. The VA crust is modeled with visco‐plastic rheology, it
deforms under an applied velocity field at the boundaries (Figure 2b) and is subjected to erosion/sedimentation.
The VA region covers a subrectangular domain with dimensions ≃25 km in the NW‐SE direction, subparallel to
the Southern Apennines ridge, and ≃10 km in the NE‐SW direction. The velocity field in the Southern Apennines
and the Adria microplate shows variations on a much larger spatial scale than the VA dimensions (e.g., D’Ag-
ostino, 2014). Consequently, the choice of a 2D domain is appropriate for the study area. We have chosen the size
of the element composing the mesh by conducting sensitivity tests with increasingly smaller elements. More
specifically, we have carried out simulations where we gradually increased the number of nodes composing each
km of our domain in both the x and z directions, and then we compared the results. Our tests show that, when 7 or
more nodes per km are implemented (corresponding to a mesh size of≃140 m), there are no remarkable variations
in the simulations' outcomes (Figure S1 in Supporting Information S1).

The reliability of the model results is reached when simulations with appropriate initial and boundary conditions
provide estimates of geological and geophysical observables that are comparable with the available data. We
consider vertical surface heat flow, topography, seismicity, strain rate, and structural setting as test observables
for the study area. Particularly, we quantify the seismic potential of the faults generated in our simulations, taking
into account the effect of fluids on the Coulomb stress σC variations for fault activation.

3.2. Model Equations

3.2.1. Momentum Conservation

The motion equation for a continuum medium is given by

∇ ⋅ σ + ρg = ρ
Dv
Dt

(1)

where ∇ · σ is the divergence of the stress tensor σ, ρ is the density, g is the acceleration of gravity, D
Dt is the total

derivative with respect to the time t and v(x, t) is the velocity. The two terms on the left‐hand side of the equation
represent the surface and body forces respectively, whereas the term on the right‐hand side is the inertial term.

The Navier‐Stokes equation is obtained by substituting σ in Equation 1 with the rheological law:

σ = − pI + 2ηε′(v) (2)

where p is the pressure, I is the unit tensor, η is the viscosity and

ε′(v) = ε(v) −
1
3
(∇ ⋅ v)I (3)

is the deviatoric strain rate tensor. In Equation 3, ɛ(v) is the total strain rate tensor, while the second term on the
right‐hand side is the divergence of the velocity field, that is, the rate at which the fluid volume changes at a point.
There are different notations for the strain and the strain rate tensors, such as ɛ, ε̇, ɛ(u), ɛ(v). Here we use ɛ as an
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Figure 2. Model setup. (a) Lithological and structural layout. The hatched pattern regions in the ACP layer represent the preexisting weak structures. The dotted vertical
lines indicate the strength profiles in panel (d), within (yellow line) and outside (magenta line) the faulted region. (b) Velocity boundary conditions. A first phase, lasting
1.8 Myr, is characterized by zero velocity at the right boundary and compressional velocity vC

x at the left boundary, which is kept constant in the simulation for the entire
phase and varies in our study between 3 and 7 mm yr− 1. In the second phase, lasting 0.8 Myr, the model incorporates a symmetric extensional velocity field, with
vC
x = 2.5 mm yr− 1. The diagrams show the values of vC

x applied at the bottom boundary of the model during compression (b1) and extension (b2). (c) T − z profiles for the
model domain at the simulation onset. The geotherm has been calculated by imposing q0 = 40 mWm− 2 (brown line), 45 mWm− 2 (green line), 50 mW m− 2 (orange line).
(d) η − z profiles for the model domain at the simulation onset. The yellow line refers to profile 1 (within the fault region of the ACP, whereas the magenta line refers to
profile 2 (outside the fault region of the ACP). The left panel refers to simulations where the BF has low values of ηEFF, whereas the right panel refers to simulations where
the BF has high values of ηEFF.
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operator, meaning that, for the strain rate, it is not used on its own but it is applied to the velocity v field.
Accordingly, ε(v) = 1

2(∇v + ∇vT) is the strain rate tensor. Likewise, if u(x, t) is the displacement field
ε(u) = 1

2(∇u +∇uT) is the strain tensor. The square root second invariant of ɛ(v), also defined as effective strain

rate (e.g., Ranalli, 1995), is indicated by ε̇II =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2 ( ε̇iiε̇jj − ε̇ijε̇ji)

√

.

For high‐viscosity fluids, the inertial term in Equation 1 can be neglected as a consequence of the very small
velocity variations in time and the Navier‐Stokes equation, obtained from Equations 1–3, reduces to the Stokes
equation of motion:

− ∇ ⋅ 2ηε′(v) + ∇p = ρg (4)

3.2.2. Mass Conservation

The conservation of mass is expressed by the continuity equation

∂ρ
∂t
+ ∇ ⋅ (ρv) = 0 (5)

meaning that the change in density over the time ∂ρ
∂t of a system must be compensated by a mass inflow or outflow

given by the divergence of ρv.

Table 1
Model Parameters Common to All Simulations

Parameter name Symbol Measurement unit Value

Model horizontal extension WM km 120

Model vertical extension HM km 20

Cell dimension cE m 333

Free surface diffusion coefficient ζ m2 s− 1 0–10− 6

Simulated time t Myr 2.6

Compression:

Duration tC Myr 1.8

Left boundary velocity vA
x mm s− 1 3‐5‐7

Right boundary velocity vB
x mm s− 1 0

Extension:

Duration tE km 0.8

Left boundary velocity vA
x mm s− 1 − 2.5

Right boundary velocity vB
x mm s− 1 2.5

Surface temperature T0 °C 0

Base model temperature Tb °C 302‐340‐378

Surface heat flow (t = 0) q0 mW m− 2 40‐45‐50

Weak regions in the ACP:

Distance dFZ km 2.5‐5‐7.5‐10

Extension WFZ km 2

Layer thickness:

AU HAU km 3

ACP HACP km 6

BF HBF km 2

CB HCB km 9
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Our model domain has a vertical extension of 20 km, therefore the difference in temperature T and pressure p
between the top and the bottom boundaries are, respectively, less than 400°C (Figure 2c) and 600 MPa. This
implies that the p − T‐related density variations Δρ

ρ0
are less than 2%. Under this assumption, the terms ∂ρ

∂t and∇ρ · v
can be neglected in Equation 5, that reduces to

∇ ⋅ v = 0 (6)

implying fluid incompressibility. Equation 3 in turn reduces to

ε′(v) = ε(v) (7)

Density variations disappear from Equation 4 and

ε̇II =

̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2
ε̇ijε̇ij.

√

(8)

3.2.3. Energy Conservation

Equations 4 and 6 are solved coupled with the heat equation

ρCp(
∂T
∂t
+ v ⋅∇T) = ∇ ⋅ k∇T (9)

where T is the temperature, Cp is the heat capacity and k is the thermal conductivity.

The meaning of Equation 9 is that the thermal energy change over time ρCp
∂T
∂t is primarily due to the mechanisms

described by the following terms: the term on the left‐hand side ρCpv · ∇T accounts for the advective heat
transport, whereas the term in the right‐hand side ∇ · k∇T accounts for the conductive heat transport. Due to the
low heat production in sedimentary rocks (e.g., Hasterok et al., 2018), which constitute a great part of our model,
and the decrease in radiogenic heat production with depth (e.g., Jaupart et al., 2016, and references therein), inner
heat production due to the decay of radiogenic elements has been neglected.

3.2.4. Visco‐Plastic Rheology and Brittle/Ductile Transition

At crustal depths and temperatures, the dominant mechanism of viscous deformation is dislocation creep.
Therefore, viscosity ηdis is given by Billen and Hirth (2007)):

ηdis(x, z, t) =
1
2
D− 1

n
r ε̇

1− n
n

II exp(
E

nRT
) (10)

where Dr is the Dorn parameter, n is the stress exponent of the Dorn equation, E is the activation energy and R is
the gas constant. Accordingly, the effective stress ΔσM, representing the crustal resistance to viscous deformation,
is given by (e.g., Filippucci et al., 2019):

ΔσM(x, z) = 2ηdisε̇II = D− 1
n

r ε̇
1
n
II exp(

E
nRT

) (11)

To describe the evolution of faults, the plastic deformation limits ΔσM (e.g., Thieulot, 2011; Van Zelst
et al., 2022) through the Drucker‐Prager criterion, where the yield stress in 2D Δσm is equivalent to the Mohr‐
Coulomb yield surface:

Δσm(x, z) = σy = ( p sin ϕ + C cos ϕ) (12)

where C is the cohesion factor and ϕ is the angle of friction. In this manner, we can define a “plastic” yield
viscosity
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ηy =
Δσm

2ε̇II
(13)

and a crustal effective viscosity ηeff, which takes the minimum value between ηy and ηdis:

ηeff (x, z, t) = min(ηy, ηds) (14)

Likewise, the effective differential stress for crustal deformation σeff is given by the minimum value between ΔσM

and Δσm (e.g., Filippucci et al., 2019; Gerya, 2019; Lavecchia et al., 2022)

σd(x, z) = min[ΔσM(x, z), Δσm(x, z)] (15)

where σd(x, z) = Δσm(x, z) the rheological behavior is brittle, while where σd(x, z) = ΔσM(x, z) the rheological
behavior is ductile. The step function

Rh(x, z) = {
0 if σd = ΔσM(x, z)

1 if σd = Δσm(x, z)
(16)

represents by 0 and 1 the ductile and brittle behavior respectively.

3.2.5. Coulomb Stress and Fault Activation

At the end of our simulations, we observe that linear structures affect the model's plastic domains, where ε̇II is
higher than the adjacent regions. We interpret such structures as faults and pay particular attention to providing
insight into their potential to generate earthquakes. For this purpose, we calculate the value of the components Ti

of the Cauchy stress tensor T (e.g., Irgens, 2008) in each node composing our model's domain:

Ti = σijnj (17)

where σij are the stress components and nj are the components of the unit vector orthogonal to the fault. Such
product depends on the faults' dip angle φ ≃ 2/3 π, which in our model is fairly constant. The T tensor components
are used to calculate the normal σn and shear stresses τ along the faults:

σn = Tx sin φ + Ty cos φ (18)

τ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

|T|2 − σn
2

√

(19)

On the basis of the values of stress and rheology obtained in our simulations, we infer that seismic activity may
potentially occur in plastic regions where the Coulomb stress σC > 0 (e.g., King et al., 1994; Tallarico et al., 2005):

σC = τ − tan(ϕ)(σn − pf ) (20)

where pf is the pore fluid pressure. Regions where fluids are present (pf > 0) are introduced in the model at the last
time step of the simulation that better reproduces the geological and geophysical characteristics of the SE VA,
therefore approximating the characteristics along the profile C‐D (Figure 1) cross‐cutting the PL and the CM2
seismic clusters (case C, see Sections 3.5 and 4.3). This allows us to consider the effect of the water load
associated with the recent PL presence (e.g., Stabile, Giocoli, Perrone, et al., 2014; Stabile et al., 2015; Telesca
et al., 2015) and the even more recent reinjection activity in the CM2 well (e.g., Rinaldi et al., 2020; Stabile,
Giocoli, Lapenna, et al., 2014). The region where we introduce the presence of fluids related to the PL is cir-
cumscribed by the upper and lower limit of the ACP and the weak zones that cross‐cut this layer (Figure 2), while
fluids underneath the CM2 are introduced along a high ε̇II structure in the ACP plastic domain, E of the east-
ernmost weak zone within the ACP. The fluid reinjection pressure is known for the CM2, and has a value
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40.6≤ pf ≤ 45.6MPa (Stabile, Giocoli, Lapenna, et al., 2014). Differently, in the PL region, pf can be evaluated by
considering the hydrostatic pressure of the water column hw above the seismicity cluster in the proximity of the
water reservoir. Since hw is subjected to seasonal fluctuations within the order of ±15 m (Stabile, Giocoli,
Lapenna, et al., 2014; Stabile et al., 2015), pf variations are negligible (Δpf < ±0.15 MPa). Therefore, we have
assumed that:

pf = 0.4 ⋅ plith + pw = 0.4 ⋅ ρ(z)gz + pw (21)

where plith = ρgz is the lithostatic pressure underneath the PL cluster and pw ≃ 0.4 MPa, calculated by assuming
that the depth of the lake has a constant value of 40 m.

3.3. Initial and Boundary Conditions

3.3.1. Initial Condition

Temperature is the only explicitly time‐dependent quantity of the model for which it is necessary to set the initial
condition. This is provided by a linear geotherm as follows:

Ti(z, t = 0) = T(zn) +
q0 (zn)

kn
(z − zn) (22)

where zn is the z coordinate of the ith layer, q0 is the surface vertical heat flow at t = 0. The initial vertical heat
flow is

qi(z) = − k
dTi

dz
(23)

In Figure 2c, Ti(z) is shown for different values of q0.

3.3.2. Top

At the Earth's surface (z = z0) we assume a constant temperature

T(z0) = T0 (24)

and a free surface subjected to erosion/sedimentation, which is simulated by assuming lateral diffusion of the
surface:

∂h
∂t
= ζ

∂2h
∂x2

(25)

where ζ is the hillslope diffusion coefficient (diffusivity), and h(x) is the height of a point along the top boundary
with respect to the unperturbed surface (Paola, 2000).

The vertical surface velocity

vz0 (x, z0, t) =
∂h(x, t)

∂t
(26)

is used to deform the surface and as a boundary condition to solve the Laplace equation and determine the mesh
velocity in the domain interior. Diffusion is applied at every timestep, mimicking surface processes of erosion and
deposition. In our simulations, ζ = 10− 6 m2 s− 1, causing maximum values of erosion ≃2 mm yr− 1.

3.3.3. Left and Right

The western Mediterranean area was dominated by the eastward migration of the Apennines arc during the
Neogene and part of the Quaternary (Gueguen et al., 1998). This tectonic movement is taken into account
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imposing a compressional horizontal velocity vC
x at the left boundary x= xA for the first 1.8 Myr. In this time span,

the horizontal velocity is kept to 0 at the right boundary x = xB. For the remaining 0.8 Myr, a symmetric
extensional velocity vE

x , is imposed to reproduce the extensional tectonics that characterizes the VA at the present
day (e.g., Cinque et al., 1993; D’Agostino et al., 2008; Serpelloni et al., 2005).

vxA (xA, z, t) =
⎧⎨

⎩

vC
x if 0≤ t ≤ 1.8 Myr

− vE
x if 1.8< t ≤ 2.6 Myr

(27)

vxB (xB, z, t) = {
0 if 0≤ t ≤ 1.8 Myr

vE
x if 1.8< t ≤ 2.3 Myr

(28)

The boundary conditions on temperature both at the right and the left boundary are given by Equation 22.

3.3.4. Bottom

At the bottom of the domain z = zb we assume:

• A constant temperature Tb given by Equation 22

Tb = Ti (zb) (29)

• A horizontal velocity vC
xb during the compressional phase (t ≤ 1.8 Myr) which decreases linearly down to

0 when x= 100 km, corresponding to an approximate distance of the VA of 40 km from the Bradanic through.
For the remaining part of the bottom boundary (100 km ≤ x ≤ 120 km), vC

xb is kept constant at 0.
• A horizontal velocity vE

xb during the extensional phases (t > 1.8Myr) that varies linearly from vE
xb = − 2.5mm/yr

when x = 0 to vE
xb = 2.5 mm/yr when vE

xb = 120 km.

3.4. Lithological and Structural Aspects

In the VA, several distinct formations and units have been recognized, with variable geometrical and lithological
characteristics. In particular, the AU overlying the carbonate formations of the ACP show distinctive lithological
and structural complexities (Dell’Aversana, 2003; Mazzoli et al., 2013; Menardi Noguera & Rea, 2000; Shiner,
Mazzoli, & Cello, 2004). The lithologies occurring in the VA region have been approximated by four layers, with
a tabular shape at the simulation onset (Figure 2a) and distinct physical/rheological features. The parameters
adopted for each layer are given in Table 2. These layers, from top to bottom, are: (a) AU, (b) ACP, (c) BF, (d) CB.

The rheological parameters have been calculated for each layer, taking into account the presence of different
mineralogical phases and their relative volume percentages and following the averaging method proposed by Ji
et al. (2003). The compositions for each lithology are shown in Table 3.

The presence of inherited structures controlling the localization of the contractional and extensional structures in
the ACP (Shiner, Mazzoli, & Cello, 2004; Valoroso et al., 2011) has been taken into account by assuming the
presence of weak zones in the ACP (Figure 2a), characterized by low values of C, and ϕ as reported in Table 2.
These weak zones retain the low values of plastic rheological parameters for the entire simulation time and are
treated as distinct compositional fields within ASPECT, therefore deforming coherently with the other lithologies
implemented in the model (Figures 2–4 and 8).

3.5. Parameters Sensitivity Analysis and Reference Configuration

In order to test which parameter(s) affect our model's results and produce a better correspondence with the
geological/geophysical observables and the seismological characteristics in the VA, we have carried out a set of
24 simulations, with different choices of the following parameters (Table 4):

1. Distance of the inherited fault zones within the ACP (dFZ, cases A, B, C, D)
Although the role of pre‐existing faults in the geodynamic evolution of the VA has already been acknowledged

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028710

LAVECCHIA ET AL. 11 of 30

 21699356, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028710 by U
niversity D

egli Studi D
i B

ari, W
iley O

nline L
ibrary on [02/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(e.g., Valoroso et al., 2011), there is no information on the mutual distance dFZ between these faults at the
beginning of Quaternary, and how the tectonic structure of the region is affected by this parameter. Therefore,
we have carried out 4 simulations where dFZ is, respectively, 2.5, 5, 7.5, and 10 km. We have assumed dFZ

reference values = 5 and 7.5 km. Consequently, all the following sensitivity analyses have been carried out
with both these values.

2. Surface heat flow at the beginning of the simulation (q0,s, cases E, F, G, H)
The regional value of heat flow in the Apennines region between 40 and 50 mWm− 2 reflects the geotherm that
characterizes the VA (Figure 2c, see 22) and, consequently, the basin's viscosity profile (see Equation 10),
particularly at the simulation onset. We have imposed q0,s = 50 mW m− 2 in the entire model domain as our
reference value, but we tested the impact of the initial geotherm on the mechanical characteristics of the crust,
by giving q0,s the values 40 and 45 mW m− 2.

3. Compressional velocity (vC
x , cases I, J, K, L)

The compressional velocity vC
x has not been precisely quantified but can be estimated within the order of a few

mm yr− 1 (Gueguen et al., 1998; Maschio et al., 2005). Variations of vC
x have an impact on the pre‐extensional

structure of the VA region and its topography, with subsequent effects on both the lithostatic and dynamic
pressure in the valley. Therefore, we tested variations of vC

x during the compressional phase of our simulations,
by assuming a reference value vC

x = 5mm yr− 1 and giving this parameter alternative values of 3 and 7mm yr− 1.
4. Effect of erosion (ζ, cases M, N, O)

Several studies highlight the impact of surface processes on the evolution of geodynamically active areas (e.g.,
Sternai et al., 2021), therefore we evaluated the effects of erosion and sedimentation on the VA by running
simulations where ζ = 0, and therefore surface processes are not implemented, or when ζ = 10− 8, to observe
the effect of slow erosion/deposition rates on the VA basin's opening and expansion.

5. Lateral variations of η in the BF (cases P, Q, R, S, T, U)
Although there is a general consensus on the lithologies that make up the tectonic units in the VA, their mineral
composition might be extremely variable. In particular, the BF can have a key role in the tectonic evolution of
the region, since it represents a rheological boundary between the Sedimentary Cover (SC) and the CB and
may produce different tectonic styles in these two crustal layers. For the BF, we have varied the parameter E in
Equations 3 and 10, and therefore ηEFF, to consider either a layer fully composed of carbonates, or charac-

terized by a high gypsum content. We tested the effect of these variations
on the VA present‐day tectonic setting by considering three configurations
at the simulation onset (Figure 2d):
• ηEFF ≃ 1020 Pa s,
• ηEFF ≃ 1020 Pa s if x < 60 km and ηEFF ≃ 1022 Pa s if x > 60 km,
• ηEFF ≃ 1022 Pa s if x < 60 km and ηEFF ≃ 1020 Pa s if x > 60 km,

6. Presence or absence of inherited faults in the ACP (ϕ, C) (cases V, W)
To evaluate the effect of inherited structures on the final tectonic
configuration of the VA, and especially on the development of the Eastern
Agri Fault System and the Mts. Maddalena Fault System, we carried out
simulations where fault zones in the ACP are absent or there is only one
preexisting fault.

Table 2
Parameters Adopted in Each Layer

Parameter name Symbol and measurement unit AU ACP (faults) ACP BF CB

Thermal conductivity k, W m− 1 K− 1 2.4 2.7 2.7 2.7 2.7

Density ρ, kg m− 3 2,400 2,600 2,600 2,700 2,800

Heat capacity Cp, J kg
− 1 K− 1 878 900 900 900 900

Dorn parameter D, Pa− n s− 1 4.59 × 10− 48 1.31 × 10− 21 1.31 × 10− 21 1.5 × 10− 24 1.27 × 10− 34

Stress exponent n 6.98 3.15 3.15 3 5.13

Activation energy Q, kJ mol− 1 134 167.5 167.5 75–145 254

Cohesion C, MPa 75 75 20 75 75

Angle of friction ϕ, ° 33 33 10 33 33

Table 3
Composition and Volume Fraction of Minerals Composing Each Layer

Layer CC Dm Ab An Qz Ph Gt Py

AU 20 10 10 0 20 40 0 0

ACP 50 50 0 0 0 0 0 0

BF 0 100 0 0 0 0 0 0

CB 0 0 25 7 25 15 14 14

Note. Cc = calcite; Dm = dolomite; Ab = albite; An = anorthite;
Qz = quartz; Ph = phyllosilicates; Gt = garnet; Py = pyroxene.
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Figure 3.
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7. Extension confined in the sedimentary cover (cases X, Y)
We have tested the possibility that the extensional deformation is mainly due to the collapse of the Apennines
chain. In this case, the horizontal velocity vE

x is applied to the sedimentary cover, whereas we imposed a
velocity vE

x = 0 at the left and right boundaries of the basement.
8. Width of the fault zones (cases Z, AA, AB)

The thickness of the rock intervals subjected to fracturing and faulting can vary between thin intervals of
fractured rocks to large regions where rocks lose their cohesion. We have taken it into account by varying dFZ

between 1 and 4 km. In addition, we have tested the possibility that the VA overlies an extended region of
intensely fractured carbonates of the ACP, by including a single faulted region with dFZ = 8 km.

Figure 3. ε̇II distribution evolution for our reference simulations B (dFZ = 5 km, panels a–e) and C (dFZ = 7.5 km, panels f–j). The blue dots in panels (e) and (j) indicate
the locations of the hypocenters that fall in the model's brittle domain, whereas the red dots in the same panels indicate the locations of the hypocenters that fall in the
model's ductile domain (see Figure 4). The dotted lines in panel (e) indicate the vertical profiles shown in Figure 5, whereas the dotted lines in panel (j) indicate the
vertical profiles shown in Figure 6, with the colors of the lines matching the colors of the plots. The yellow lines indicate the known faults identified in our model. The
white lines indicate the lithological boundaries, whereas the black lines indicate the boundaries of the weak zones within the ACP.

Figure 4. vz distribution and rheological behavior for case B (panels a and b) and case C (panels c and d). The green dots indicate the position of the hypocenters,
respectively, in the NW (panel b) and SE (panel c) VA region. The white lines indicate the lithological boundaries, whereas the black lines indicate the boundaries of the
weak zones within the ACP.
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Based on the geological constraints and the comparison between the results of our simulations and the geological
and geophysical data available in the VA region Figure 7, we have taken as reference models the ones with the
following implemented values:

• 2 preexisting faults in the ACP at the simulation onset,
• dFZ = 5 km, 7.5 km (cases B and C, respectively),
• q0,s = 50 mW m− 2,
• vC

x = 5 mm yr− 1,
• ζ = 10− 6 m2 s− 1,
• ηEFF ≃ 1020 Pa s in the BF at the simulation onset.

More specifically, we consider case B as representative of the NW VA (profile A‐B in Figure 1) and case C as
representative of the SE VA (profile C‐D in Figure 1, see Section 4).

Table 4
Simulation Suite for the Study of Parameter Sensitivity

Case study dFZ (km) q0 (mW m− 2) vC
x (mm yr− 1) ζ (m2 s− 1) ηEFF (Pa dss) Nr. faults (thickness) Applied vE

x

A 2.5 50 5 10− 6 1020 2 (2 km) All lateral boundaries

B* 5 50 5 10− 6 1020 2 (2 km) All lateral boundaries

C* 7.5 50 5 10− 6 1020 2 (2 km) All lateral boundaries

D 10 50 5 10− 6 1020 2 (2 km) All lateral boundaries

E 5 45 5 10− 6 1020 2 (2 km) All lateral boundaries

F 5 40 5 10− 6 1020 2 (2 km) All lateral boundaries

G 7.5 45 5 10− 6 1020 2 (2 km) All lateral boundaries

H 7.5 40 5 10− 6 1020 2 (2 km) All lateral boundaries

I 5 50 3 10− 6 1020 2 (2 km) All lateral boundaries

J 5 50 7 10− 6 1020 2 (2 km) All lateral boundaries

K 7.5 50 3 10− 6 1020 2 (2 km) All lateral boundaries

L 7.5 50 7 10− 6 1020 2 (2 km) All lateral boundaries

M 5 50 5 0 1020 2 (2 km) All lateral boundaries

N 7.5 50 5 0 1020 2 (2 km) All lateral boundaries

O 5 50 5 10− 8 1020 2 (2 km) All lateral boundaries

P 5 50 5 10− 6 1022 2 (2 km) All lateral boundaries

Q 5 50 5 10− 6 1022 (x < 60 km) 2 (2 km) All lateral boundaries

R 5 50 5 10− 6 1022 (x > 60 km) 2 (2 km) All lateral boundaries

S 7.5 50 5 10− 6 1022 2 (2 km) All lateral boundaries

T 7.5 50 5 10− 6 1022 (x < 60 km) 2 (2 km) All lateral boundaries

U 7.5 50 5 10− 6 1022 (x > 60 km) 2 (2 km) All lateral boundaries

V – 50 5 10− 6 1020 1 (2 km) All lateral boundaries

W – 50 5 10− 6 1020 0 All lateral boundaries

X 5 50 5 10− 6 1020 2 (2 km) Only SC

Y 7.5 50 5 10− 6 1020 2 (2 km) Only SC

Z 5 50 5 10− 6 1020 2 (1 km) All lateral boundaries

AA 5 50 5 10− 6 1020 2 (4 km) All lateral boundaries

AB – 50 5 10− 6 1020 1 (8 km) All lateral boundaries

Note. The reference cases are indicated with *. See Sections 3.5 and 4.4 for further explanation.
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4. Results
4.1. Tectonic Evolution

Our results are shown in Figures 3–8. They point out that the distance between faults dFZ and the variations of
viscosity ηEFF are the two parameters of greater impact for the tectonic setting and, therefore, for the seismicity
distribution across the VA and neighboring regions. We have observed that variations of dF are accompanied by
significant differences in the evolution pattern of the structures appearing in the VA and their distribution,
including the basin‐bounding faults and the more external Costa Molina Fault (CMF) and Caldarosa Fault. This
can be already noticed in our reference models when dFZ varies between 5 and 7.5 km. Another primary aspect to
consider is ηEFF in the BF. When this layer has low ηEFF, it serves as a décollement layer for the SC and causes an
almost complete tectonic decoupling from the CB.

When dFZ = 5 km (case B, Figures 3a–3e), we distinguish two main fault systems characterized by high ε̇II , that
develop during the contractional phase from the preexisting weak zones in the ACP, and cross‐cut both the
carbonate formation and the overlying AU. This phase is characterized by the even distribution of ε̇II between
these two fault systems and persists for 1.2 Myr of simulated time. Subsequently, the SW fault system becomes
dominant and assumes a listric geometry, whereas the NE fault system becomes antithetic and shows slightly
lower ε̇II values. These two fault systems circumscribe a <10 km wide region subjected to uplifting, with
vz ≃ 3 mm yr− 1. Compression acts on both the sedimentary cover and the basement, but the two layers show
distinct deformation patterns, with a clear boundary represented by the BF. During the extensional phase, the
region previously subjected to uplifting becomes a subsiding basin. Subsidence is caused by the development of
both the SW and the NE border fault systems, with several active structures outlined by higher ε̇II values, showing
an initial symmetric configuration. Subsequently, similarly to the contractional phase, one of the two fault sys-
tems becomes dominant, with NE border faults cross‐cutting the SW structures. In this phase, our model predicts
the development of a series of synthetic and antithetic faults within the basin, that persist until the end of the
simulation. This fault geometry is similar to what is observed today in the VA (Hager et al., 2021). The subsidence
in the central region of the model occurs at a velocity vz < 5 mm yr− 1, with values increasing NE‐wards
(Figures 4a and 5d). The resulting topography at the end of the simulation (Figure 5a) is characterized by a
basin with a width ≃10 km, surrounded by reliefs with a height between 1,000 and 1,200 m. The final topographic
profile, the mutual distance of the main fault systems developed in our model, and their locations with respect to
the topography at the end of the simulation, are comparable with what is observed today in the NWVA (Figure 1).
Therefore, we interpret the basin at the center of our model domain as the NW sector of the VA, surrounded by the
Mts. Maddalena Fault System and the Eastern Agri Fault System.

When dFZ is increased to 7.5 km (case C, Figures 3f–3j), we do not observe the evolution of one of the border
faults into a listric fault during compression, but rather the development of two high‐angle fault systems, with
slightly lower dip angles when the border faults cross‐cut the AU, and slightly higher angles when the border
faults cross‐cut the ACP. In addition, this simulation shows that the VA basin is characterized by several faults
between the Mts. Maddalena Fault System and the Eastern Agri Fault System, coherently with previous studies in
the region (Hager et al., 2021). At the end of the simulation, the distance between the border fault systems at the
surface is ≃12 km (Figure 3), similar to what is observed today in the SE segment of the VA (Figure 1). The
subsidence in the central region of the model occurs at a velocity comparable with the one observed in case B, but
differently from this simulation, vz values increase SW‐wards (Figures 4c and 6d). The topographic profile of the
region is also similar to what observed today in the SE VA (Figure 6a) and consists of a basin with a height
≃450 m a.s.l., surrounded by reliefs with heights between 1,000 m and 1,250 m. Therefore, given the charac-
teristics of the border faults and the topographic profile obtained in this simulation, we interpret the results of case
C as a reconstruction of the SE VA basin and surrounding regions until the present day.

A key aspect to analyze during the evolution of the VA and the surrounding regions, is the ε̇II distribution between
the AU and the ACP. More specifically, we have observed slightly higher values of ε̇II at the base of the AU with
respect to the ACP (Figures 5f and 6f), and different angles of the active structures, especially in the contractional
phase, with lower angles within the AU (Figure 3). In agreement with this different ε̇II distribution, we observe
variations in the rheological behavior of the sedimentary cover (Figures 4b, 4d, 5g, 5j, 5m, 6g, 6j, and 6m), with a
ductile layer constituted by the base of the AU, also characterized by low ηEFF, sandwiched between the stronger
brittle top AU and ACP (Figures 5e, 5h, 5k, 6e, 6h, and 6k). Consequently, the base of the AU may constitute a
décollement layer acting on a local scale. The presence of this ductile layer, however, is not observed in the areas
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surrounding the Eastern Agri Fault System and the Mts. Maddalena Fault System (Figures 4b and 4d), where the
ACP is also characterized by low values of ηEFF (Figures 5e, 5h, 5k, 6e, 6h, and 6k) and high values of ε̇II
(Figures 5f, 5i, 5l, 6f, 6i, and 6l). In these areas, the preexisting fault zones within the ACP cause an increase in
ηEFF around them, favoring a brittle behavior of the overlying units. As a consequence, our model predicts that the
VA border fault zones are not confined within the AU, but in the absence of another shallower décollement level,
they are rooted within the carbonate units, down to the BF.

As we can observe from the topographic profiles developed in cases B and C (Figures 5a and 6a), dFZ does not
seem to have a major effect on the final characteristics of the VA and the reliefs that surround the basin. In both
cases, the VA has an approximate extension of 10–12 km, with the depocenter located at ≃65 km of our profile.
Also, vx does not show remarkable differences between the two cases (Figures 5c and 6c), with a stepwise increase
NE‐ward that highlights a fault‐controlled extension of the VA. Differently, dFZ has a remarkable effect on the
subsidence pattern of the basin. The subsidence of the VA occurs via the vertical movement of blocks bounded by

Figure 5. Horizontal and vertical plots for case B. The values of (a) z, (b) qz, (c) vx, and (d) vz are taken at the top boundary.
The measurement locations for the vertical plots of (e), (h), and (k) log10ηEFF, (f), (i), and (l) log10ε̇II , (g), (j), and
(m) rheological behavior are specified in panels (e), (h), and (k) and are indicated by the colors of the plots, as shown in Figure 3.
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faults cross‐cutting both the AU and ACP, whereas the BF is only marginally affected (Figures 4a and 4c). In our
reference simulations, we observe that vz is maximum next to the Eastern Agri Fault System when dFZ = 5 km
(Figure 5d), and next to the Mts. Maddalena Fault System when dFZ = 7.5 km (Figure 6d). This not only has an
impact on the depocenter location within the VA, but highlights the presence of a series of active faults with
seismogenic potential within the basin (see Section 4.3).

4.2. Surface Heat Flow, Velocity and Strain Rate

The validity of our interpretations has been verified by comparing the obtained values of qz, ε̇II , v at the top
boundary of our model with the observed values of these quantities. Results are summarized in Figures 7a and 7b.
In addition, we have validated the tectonic setting of VA and surrounding regions obtained at the end of the model
by comparing it with the locations of the earthquake hypocenters that characterize the region (see Section 4.3).

Figure 6. Horizontal and vertical plots for case C. The values of (a) z, (b) qz, (c) vx, and (d) vz are taken at the top boundary.
The measurement locations for the vertical plots of (e), (h), and (k) log10ηEFF, (f), (i), and (l) log10ε̇II , (g), (j), and
(m) rheological behavior are specified in panels (e), (h), and (k) and are indicated by the colors of the plots, as shown in Figure 3.
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• The Basilicata region is characterized by average to low values of qz. More in detail, with the exception of a
small area NE of the VA with qz > 80 mW m− 2 (Figure 1), the commonly measured qz values do not exceed
60mWm− 2 (Cataldi et al., 1995), with values around 50 mWm− 2 (Scrocca et al., 2003) and 45 mWm− 2 in the
VA basin itself (e.g., Megna et al., 2014, and references therein). Our reference simulations predict values of qz

above 50 mW m− 2 on the topographic reliefs surrounding the VA (Figures 5b and 6b). More specifically, the
maximum output qz value at the end of our simulations is ≃54 mWm− 2 and is reached NE of the VA, whereas
the minimum value is slightly higher than 46 mW m− 2, in the basin itself, in agreement with the studies
mentioned above.

• The southern Apennines are characterized by NE‐SW extension (e.g., Palano et al., 2011, and references
therein), with average values of≃3 mm yr− 1 (e.g., D’Agostino, 2014). Tectonic extension, based on GPS data,
and values of strain rate of ≃70 nstrain yr− 1 (Palano et al., 2011; Silverii et al., 2016), correspond to
≃10− 15 s− 1. In our model, we observe that both the superficial values of vx (Figures 5c and 6c) and ε̇II
(Figure 3) are coherent with data measured in the previous surveys. Locally, our model shows higher ε̇II values
which are, however, confined to the active structures bordering the VA and do not weaken the reliability of our
results.

4.3. Seismicity

An important test to validate the accuracy of our assumptions and the quality of our results is the comparison
between the location of 2060 hypocenters of the VA seismicity from 2001 to 2019, the position of the main faults
and the rheological domains predicted by our model for the units and formations composing the VA crust
(Figures 3, 4, 7c, 7d, and 8). The seismicity catalog was compiled by merging the seismic catalogs documented in

Figure 7. (a and b) Comparison between the values predicted by our models in case B (panel a) and C (panel b) for the
topography, ε̇II , v and qz on the model's top surface and the average value observed in the region. (c and d) Analysis of the
earthquake hypocenters' location with respect to the brittle and ductile domains predicted by our models in case B (panel c) and
in case C (panel d).
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Figure 8. (a) σC values distribution for case C, when pf = 0 in the entire domain. (b and c) σC values distribution for case C,
when the known values of pf are implemented in the model (see text for further details). In panel (b), the regions on the model
circled in red (panel b) are the regions where the presence of fluids is detected. The light blue and dark green dots indicate the
location of the PL and the CM2 reinjection well. In panel (c), the light blue dotted lines indicate the locations of the plots in
panels (d) and (e). The dark blue dots indicate the locations of the hypocenters that fall in the brittle domain of our model,
whereas the red dots indicate the locations of the hypocenters that fall in the ductile domain of our model. (d and e) σC − z
crustal profiles cross‐cutting the PL (panel d) and CM2 (panel e) clusters. The red line indicates profiles where pf is not
implemented in the model, whereas the blue line indicates profiles where pf is implemented.
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Serlenga and Stabile (2019), Stabile et al. (2021), and Balasco et al. (2021). Only events within the dashed box of
Figure 1 were considered in this study. The selected catalog of our interest is available in Lavecchia et al. (2024).

For case C, we verify that around 85% of the hypocenters fall in regions of the model with brittle behavior
(Figure 7d), showing the very good quality of our assumptions for the lithologies, the geothermal characteristics,
and the rheological parameters adopted in our simulations. This is evident not only in the sedimentary cover,
where most earthquakes are located in the brittle ACP between 2 and 6 km, but also in the crystalline basement,
where hypocenters are mostly located between ≃11 km (BF‐basement boundary) and ≃15 km (brittle‐ductile
transition, Figures 4b and 4d). One example is the microearthquake sequence that recently occurred at those
depths, located W‐SW of Mt. Raparo near the Castelsaraceno village (Panebianco et al., 2023). We notice that
most earthquakes that do not fall in the brittle field occur within the BF or next to this layer. However, the BF is a
formation characterized by high lithological and thickness heterogeneity. Therefore, we can hypothesize that
thicker intervals, or regions with higher dolomite %vol., may occur in our study area. The heterogeneity of the BF
is probably the cause for the slightly less accurate prediction for case B, with around 83% of the hypocenters
falling in regions of the model with brittle behavior (Figure 7c) since we observe that most hypocenters in ductile
layers are located in this formation. In particular, a few earthquakes at a depth of≃10 km seem to be located on the
possible termination of the Eastern Agri Fault System within the BF. On the other hand, we observe a very good
match between the hypocenters located in brittle areas and the location of the main faults predicted by our model.
Therefore, we suggest that case B is also a reliable model of the NW sector of the VA.

Seismic activity that characterizes the SW sector of the VA is mostly concentrated at a depth between 2 and 6 km,
with the clear appearance of two main clusters within the ACP (Figure 8). One of these clusters is located between
the Eastern Agri Fault System and the Mts. Maddalena Fault System and is associated with the load of water from
the Pertusillo Lake (e.g., Stabile, Giocoli, Lapenna, et al., 2014; Valoroso et al., 2009), whereas the other is
located east of the Eastern Agri Fault System and is connected with the reinjection of wastewater from extraction
activity in the CM2well (Buttinelli et al., 2016; Improta et al., 2017; Stabile, Giocoli, Perrone, et al., 2014; Stabile
et al., 2021). Seismic activity also occurs at a very shallow depth (z < 2 km) in an area located between the VA
border faults, and in a few deep small clusters (z > 11 km). The seismic activity at shallow depth overlaps with a
region of brittle rheological behavior (Figure 4d) and high σC (Figure 8c), between two areas with ductile
rheology and lower σC, further suggesting that the base of the AU does not constitute a level of ductile
décollement in several sectors of the VA.

The seismic cluster associated with the PL is characterized by several events showing prevalent normal‐fault
kinematics, but a high degree of variability in the strike, dip, and rake of the focal planes (Stabile, Giocoli,
Lapenna, et al., 2014). This suggests that deformation is not accommodated by a single fault plane, but rather by a
series of minor structures within the sedimentary cover. In our model (case C), this cluster of seismicity overlaps
with a region of high ε̇II (Figure 3j) and brittle behavior (Figure 4d) in both the AU and the ACP, where it is
predicted the presence of several structures antithetic to the Mts. Maddalena Fault System and the Eastern Agri
Fault System, which intersect each other. These faults show pronounced variations in the dip angle and also
opposite dips, coherently with the lack of a preferential fault plane generating this cluster highlighted in previous
studies (e.g., Stabile, Giocoli, Lapenna, et al., 2014; Valoroso et al., 2009). The brittle‐ductile transition within the
ACP is located at a depth of ≃6 km in our model, matching the maximum depth of this seismicity cluster and
suggesting that seismic activity is subjected to a rheological control.

The seismicity associated with the wastewater reinjection in the CM2 well highlights the presence of the minor
CMF. As highlighted by Hager et al. (2021), we observed in case C the formation of a high ε̇II structure within the
ACP with NE‐ward dip (Figure 3j), that matches the position of the Costa Molina cluster, allowing us to identify
this structure with the CMF. Also in this case, the base of the AU constitutes a rheological limit that hampers the
upward propagation of the CMF, and subsequently of the seismicity.

We have carried out estimations of the σC for both the Pertusillo and the Costa Molina areas (Figure 8). Results
show that, even without fluids, σC > 0 for most sedimentary cover, with the highest values in the areas NE of the
VA and at a depth shallower than 6 km. This result suggests that both the CMF and the fracture network that
generates the PL seismic cluster were prone to generate seismic activity. However, fluid presence along these
structures produces a noticeable increase in σC, making them the regions of our model where σC is the highest
within the sedimentary cover.
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4.4. Parameter Sensitivity

The simulations carried out to test the sensitivity of our model to variations of selected parameters (see Sec-
tion 3.5) have been compared with our reference cases B and C. Results are shown in Figures S2 and S3 of the
Supporting Information S1, and summarized as follows:

1. Variations of dF (cases A, D) do not cause major changes in the final geometry of our simulated VA, with the
formation of two main border fault systems surrounding a basin subjected to subsidence. However, remarkable
differences can still be observed when we consider the final width of the basin and the ε̇II distribution at the end
of our simulations. When df = 2.5 km (case A), the VA has a width of ≃10 km and is characterized by a
relatively high ε̇II between the border faults, whereas NE of VA we do not observe the formation of any
structure that could generate the CM2 seismicity cluster. On the other hand, when df = 10 km (case D), there
are several structures that could generate seismicity NE of the VA, but the final extension of the basin is
≃20 km, with deformation mostly occurring in the NE part of the valley. Therefore, values of dF = 5 km or
7.5 km are more representative of the VA formation.

2. When q0,s = 45 or 40 mWm− 2 (cases E, F, G, H), the geometric relationships between the active structures in
these simulations are similar to what we observe in our reference cases B and C, except for a flatter topographic
profile and an extension ≃15 km for the basin in case H. However, qz values show remarkable variations,
with values slightly above 45 mW m− 2 on the topographic reliefs and ≃40 mW m− 2 within the basin, when
q0,s = 45 mW m− 2 (cases E, G). Variations are even more pronounced when q0,s = 40 mW m− 2, with
qz < 45 mWm− 2 on topographic reliefs and qz ≃ 35 mWm− 2 within the basin. These values do not correspond
to what is reported in previous studies, in contrast with the qz estimations obtained when the geotherm is
calculated by imposing q0,s = 50 mW m− 2.

3. The compressional velocity vC
x (cases I, J, K, L) does not have a major impact on the tectonic setting of the VA

when dFZ = 5 km. However, in cases I and J, we observe a slight decrease in the width of the VA basin, with a
distance of <10 km between the border faults at the end of the simulation. More importantly, however, the
topography of the region shows remarkable differences with respect to our reference models. When
vC
x = 3 mm yr− 1 (case I), the model predicts h < 600 m NE of the VA, and h < − 300 m within the basin.
Differently for vC

x = 7 mm yr− 1 (case J), h ≃ 2,000 m on the reliefs surrounding the VA, and h > 700 m within
the VA. Similar results are obtained when dFZ = 7.5 km (cases K, L), but the width of the VA in these
simulations is ≃20 km, with the generation of several faults within and outside the main basin that have not
been observed in the VA region.

4. If the erosion effect is removed (ζ = 0, cases M, N), or strongly reduced (ζ = 10− 8 m2 s− 1, case O), we do not
observe pronounced differences in the final tectonic setting of the VA and the surrounding region, except for a
slightly increased activity of the faults NE and SW of the basin. However, the topography shows a profile that
cannot be compared with the VA region, with h > 2,200 m SW of the basin and h < − 400 m within the VA.

5. We have observed that ηEFF of the BF is the parameter that has the greater impact on the evolution and final
geometry of the VA (cases P, Q, R, S, T, U). When the BF has high values of ηEFF (cases P, S) everywhere in
the model, we do not observe the formation of a sedimentary basin surrounded by border faults, but rather by
several structures cross‐cutting all the layers throughout the entire model domain. This behavior is also
observed in cases Q, R, T, and U, in the regions with high ηEFF values. In these simulations, the topographic
difference between the basin and the surrounding reliefs is less than what is observed at the present day in the
Southern Apennines region, with a negligible elevation of the reliefs in the proximity of the basin from the side
with high ηEFF.

6. Another parameter that has a great impact on our results is the presence and number of preexisting faults in the
ACP at the simulation onset (cases V, W). If only one fault is implemented (case V), the width of the VA at the
end of the simulation is ≃8 km, with a maximum elevation of the region <1,300 m and almost no deformation
between the border faults. However, the comparison between the tectonic structure obtained in this case and
the seismic database does not show good matches between the location of the hypocenters and the fault ge-
ometry at the end of the simulation. If no faults are implemented in the ACP (case W), we do not observe the
formation of a basin, but of a region of diffuse deformation within the sedimentary cover, where the topog-
raphy is almost flat and structures with antithetic dip cross‐cut the AU and the ACP.

7. When the extension is confined within the sedimentary cover (cases X, Y), the structures that we observe are
not dissimilar from the ones observed, respectively, in cases B and C. Some differences in the sedimentary
cover can be observed NE of the VA, where the structures in our reference models are substituted by a region
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of more diffuse deformation. The main differences, however, occur in the crystalline basement, where we do
not observe structures that can generate the small clusters of seismicity observed at a depth >11 km (Figures 3
and 4). Therefore, we can hypothesize that extension is not only confined to the sedimentary cover of the VA
region but extends to the entire crust.

8. Last tests have been performed with WFZ = 1 km (case Z) and WFZ = 4 (case AA). In addition, we have
considered a case study where there is only one weak region with WFZ = 8 km (case AB). Our model shows
that case Z is very similar to case W, with an overall flat topography and only a slight increase in strain in the
region NE of the preexisting faults. On the other hand, in case AA we have a marked deformation that is not
concentrated in proximity of the VA border faults, but rather in the central region of the basin. This differs
from the present‐day observations in the VA, where most seismicity is concentrated along the border faults. In
case AB, the presence of a large fractures area at the center of the model causes the occurrence of two main
fault systems, with a basin >10 km large and without any external structure, that could generate seismicity.

The choice of the simulations shown in this study stems from a bulk of more than 100 tests made on the model's
reference configurations. For the sake of conciseness, several other simulations are not shown. To provide a few
examples, variations of 1–2 km in the thickness of the layers composing our model do not cause noticeable
variations in the final structural setting or rheological behavior of the study area. Similarly, variations of the
mineral associations composing the polyphase AU and CB layers, within the range of ±5% of “high viscosity
minerals” (e.g., garnet and pyroxene) with respect to “low viscosity” minerals (e.g., phyllosilicates and quartz) do
not lead to noticeable variations in our results.

5. Discussion
The deformation that led to the overall geometry of the Southern Apennines is a matter of intense and partly
unsolved debate, despite the extensive geological and geophysical surveys (e.g., Butler et al., 2005; Improta &
Corciulo, 2006; Mazzoli et al., 2001; Mazzotti et al., 2000; Menardi Noguera & Rea, 2000; Patacca & Scan-
done, 2001; Scrocca et al., 2003, 2005; Speranza & Chiappini, 2002; Steckler et al., 2008). At the present day, one
interpretation of the deformation recorded by the Southern Apennines suggests that this took place by a mech-
anism of thin‐skinned tectonics. According to the thin‐skinned tectonics model, deformation is confined in
tectonic nappes within the SC, and does not involve the underlying CB (e.g., Mazzotti et al., 2000; Patacca &
Scandone, 2001; Scrocca et al., 2005). For this mechanism to take place, most authors have invoked the presence
of two major décollement levels. The lower décollement is located either within the BF (e.g., Marsella
et al., 1995), or locally within the ACP (e.g., Mazzotti et al., 2000), while the upper décollement interval has been
identified within the mélange zone at the base of the AU (Casero et al., 1988, 1991). In this scenario, the ACP
represented a strain transfer zone located between two detachment levels, with the formation of a duplex structure
affecting the Apulian carbonates. Subsequently, this structure has been deformed by the development of an
indentor thrust within the Apulian crust (Casero et al., 1991). Alternatively, other interpretations suggest
mechanisms of thick‐skinned tectonics for the formation of the SA (e.g., Improta & Corciulo, 2006; Roure
et al., 1991; Speranza & Chiappini, 2002; Steckler et al., 2008) where deeper structures involve the CB which is
thereby incorporated in the thrust and fold belt. The origin and the presence of these structures in the CB are one of
the main uncertainties of the deep SA. In this respect, Scrocca et al. (2005) hypothesize that faulting may
propagate from a main detachment level within the subducting lithosphere, whereas Shiner, Mazzoli, and
Cello (2004) invoke the inversion of inherited synsedimentary normal faults, controlling the deposition of Permo‐
Triassic basins below the ACP. Deformation in the Southern Apennines has also been interpreted as a combi-
nation of thin‐skinned tectonics and thick‐skinned tectonics (Menardi Noguera & Rea, 2000), with the former
characterizing the shallower crustal levels of the Apennines, and the latter mostly concentrated in the deeper parts,
with structures reaching the Adriatic Moho. Similar conclusions have been reached in the study by Turrini and
Rennison (2004), which indicates thick‐skinned tectonics in the internal domains of the Apennines and thin‐
skinned tectonics in the external domains. Roure et al. (2012) indicate that thin‐skinned tectonics was active
up to the Pliocene‐Quaternary in the Southern Apennines and along the eastern margins of the Ionian abyssal
plain, whereas it is not more recent than the upper Miocene in other regions of the African margin (i.e., Algeria).

In the VA, Shiner, Beccacini, and Mazzoli (2004) suggest that deformation occurs by thick‐skinned tectonics
within the ACP, although the authors do not exclude the presence of other areas where thin‐skinned tectonics is
predominant, while Valoroso et al. (2011), identify a thin‐skinned‐to‐thick‐skinned tectonics switch during the
late Pliocene. In our model, we have observed that the presence of preexisting faults in the ACP, reactivated both
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during the late Pliocene‐early Pleistocene contractional phase and the subsequent extensional phase, is one of the
factors that cause the formation of the Eastern Agri Fault System and the Mts. Maddalena Fault System. Both
these border faults and the structures within the VA crosscut the ACP and the overlying AU. Due to the low values
of ηEFF in the BF, the faults located within the ACP do not propagate into the CB, but they rather flatten up in
correspondence of the BF layer. However, a few high‐angle structures with high ε̇II are also detected in the CB
region with brittle behavior. The presence of these active faults is confirmed by seismic activity at a depth>11 km
(Frepoli et al., 2005; Panebianco et al., 2023), whereas a smaller number of events is observed in the region
between 6 and 11 km (Figure 3), especially in the southern sector of the VA. The evolution of the VA domain in
our model shows that this deformation pattern is preserved over the whole duration of the Quaternary
compressive‐extensional history, and does not mutate even for regions of the model where the BF is thinned to
≃1 km (Figure 3). We therefore suggest that the VA and surrounding domains are mostly subjected to thin‐
skinned tectonics, in a scenario where deformation in the SC and the CB is decoupled along the BF. Further
evidence of the décollement between SC and CB is the marked deformation of the top BF (Figure 3), forming
pronounced anticlines in the central region of the model during the final phases of the simulation. Similar km‐
scale anticlines defined by the geometry of the top ACP have been observed in previous studies not only in
the VA (Nicolai & Gambini, 2007; Valoroso et al., 2011), but also in the Northern Apennines (Bonini & Sani,
2002), where the BF has also been interpreted as a décollement layer between the SC formations and the CB.

During the simulation of the contractional phase, we observe an overall uplifting of the entire area circumscribed
by the preexisting faults in the ACP. The following extensional phase is characterized by subsidence of most of
the previously uplifting region, with a migration of the active fault segments rightwards in the NE VA (Figure 4a)
and leftwards in the SW VA (Figure 4c). This velocity pattern may imply the presence of a NE‐trending transfer
structure separating the two sectors of the VA, with unknown seismic features. The importance of NE‐trending
faults in separating different structurally coherent sectors of the VA is outlined by Palladino et al. (2023).

A remarkable characteristic of the VA velocity field is its step‐wise pattern, which can be observed both at depth
within the SC (Figure 4) and at the surface (Figures 5 and 6) and leads to a primarily fault‐controlled deformation
in this region. This hypothesis is supported by geomorphologic and hydrographic evidence of the area
(Giano, 2016; Maschio et al., 2005), and further highlights the role exerted by the reactivation of preexisting
structures for the Neogene extensional deformation in the VA. More in detail, we observe higher vz values in the
proximity of the Eastern Agri Fault System in the NE VA and in the proximity of the Mts. Maddalena Fault
System in the SW VA, potentially reflecting the higher seismogenic potential of these border fault segments in
these sections of the basin, coherently with findings of Maschio et al. (2005, and references therein).

Both the CMF and the Caldarosa Fault in case C do not appear in our model as single, isolated structures, but
rather as part of a diffuse zone of brittle deformation NE of the VA, that lasts for most of the extensional history of
the region. The activity of these faults during the last stages of simulation strongly decreased but is not completely
extinguished. Coherently, seismicity along the CMFwas almost completely absent before the onset of wastewater
disposal in the CM2 (Hager et al., 2021; Stabile, Giocoli, Perrone, et al., 2014). However, the calculated values of
the ε̇II along the CMF suggest that this fault was not completely aseismic before fluid reinjection. This assumption
is supported by our estimations of the σC along the fault, clearly showing that even in dry conditions (Figures 8a
and 8e) the CMF was a fault with considerable seismic potential. After the fluid reinjection, it is possible to
observe a peak in the CMF σC values (Figures 8b, 8c, and 8e), making this fault the interval with the highest
seismic potential in the sedimentary cover located NE‐ward of the VA. Despite fluid‐injection operations at the
CM2 well, induced seismic events with a magnitude (Ml) greater than 2.0 were never observed. This is attributed
to the hydraulic connection between the injection site and the production area within the VA oil field (Stabile &
Telesca, 2023). In other terms, the peak in CMF σC values is solely a result of the local buildup in pore pressure, as
a gradual increase of vertical stress due to mass accumulation is not feasible at the CM2 site. Similar conditions
are also observed in the region of the ACP that is affected by water loading from the PL (Figure 8) (e.g., Stabile,
Giocoli, Lapenna, et al., 2014; Stabile et al., 2015). The earthquake cluster in this area is associated with the
activation of small and shallow fault segments with a variable dip near the southern termination of the Mts.
Maddalena Fault System (Valoroso et al., 2009). In this region of concentrated seismic activity, values of σC were
already above 0 before the presence of the artificial reservoir, but the presence of water at hydrostatic pressure
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caused a pronounced increase of the σC values, especially between 2 and 5 km. An important issue raised by our
work is the presence of several regions within and outside the VA characterized by σC > 0. Consequently, the
reinjection of fluids in this area should be considered a high‐risk activity, given the presence of a thick brittle layer
in the ACP, and the potentially high number of faults in the SC of the VA and surrounding areas.

6. Conclusions
The Val d’Agri represents an interesting case study where the interactions between fluids and host rocks lead to
induced seismicity in a region already characterized by high seismic hazard. However, a correct estimation of the
hazard cannot be assessedwithout a knowledge of themechanisms behind the present‐day tectonics and therefore, a
quantitative analysis of the stress fields that characterize the area. We show that the strength and rheology strat-
ification of the crust in the Val d’Agri leads to predominant mechanisms of thin‐skinned tectonics that drive the
formation and evolution of the region, with the Burano Formation acting as a décollement layer and a rheological
boundary between the deformation of the sedimentary cover and the crystalline basement. Differently, the base of
the allochthonous units, althoughwith ductile behavior, do not constitute a rheological barrier for the propagation at
depth of the Monti della Maddalena Fault System and the Eastern Agri Fault System. On the contrary, the high ε̇II
values that characterize the intervals where the preexisting faults are located drive the rheology of the basal in-
tervals of the allochthonous units, that in such conditions have a brittle behavior. However, our model does not
exclude the presence of regions within the Burano Formation where a high carbonate %vol. may favor the prop-
agation of sedimentary cover structures in the crystalline basement, especially in the NW Val d’Agri, where the
correspondence between our model and the hypocenter location is slightly worse than in the SE Val d’Agri.

Our model predicts the presence of two main regions where seismic activity is favored by the presence of brittle
lithologies. The shallower region occurs within the Apulian Carbonatic Platform, at a depth shallower than 6 km,
and its base corresponds with the brittle‐ductile transition of the carbonate rocks. The other is located at a depth
between ≃11 and ≃15 km. Its top boundary consists of the Burano Formation‐crystalline basement boundary,
while the lower boundary is constituted by the brittle‐ductile transition of the crystalline basement. A key aspect
of our study is represented by the quantification of the Coulomb stress (σC) values, especially in the layers with
brittle behavior. Our model clearly shows that σC > 0 in several areas of the investigated domain, with the highest
values in the Apulian Carbonatic Platform. As a consequence, particular attention should be paid to all those
activities that include the injection of fluids underground, especially taking into account the presence of favorably
oriented, unknown faults that could be easily reactivated by an increase in fluid pressure.

Acronyms
ACP Apulian Carbonate Platform

AU Allochthonous units

BF Burano Formation

CB Crystalline Basement

CM2 Costa Molina 2

CMF Costa Molina Fault

PL Pertusillo lake

SC Sedimentary Cover

VA Val d’Agri

Data Availability Statement
ASPECT 2.3.0 is an open‐source code, accessible from https://aspect.geodynamics.org/.

All input files to reproduce the results of this paper and the Earthquake Location Data set are available from
https://data.mendeley.com/datasets/yt32237dp3/1 (Lavecchia et al., 2024).
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