Journal of Structural Geology 189 (2024) 105287

Contents lists available at ScienceDirect

JOURNAL OF

STRUCTURAL
GEOLOGY

Journal of Structural Geology

& A
ELSEVIER journal homepage: www.elsevier.com/locate/jsg
Lithological control and structural inheritance on faults growth in

multilayer foreland sequences

Frank Thomas ™, Franz A. Livio®, Norberto De Marchi ", Raffaele Bitonte

@ Department of Science and High Technology Insubria University, Como (CO), Italy
b Energean Italy S.p.A, Piazza Sigmund Freud, 1, 20154, Milano (MD), Italy
¢ Formerly Energean Italy S.p.A, Piazza Sigmund Freud, 1, 20154, Milano (MD), Italy

ARTICLE INFO

Keywords:

Structural inheritance
Fault re-activation
Foreland deformation
Lithological controls
Cover-restricted faults
Foredeep-forebulge systems

ABSTRACT

Foreland sectors and foredeep-forebulge systems are affected, as the orogenic wedge migrates, by successive
stages of stress states and tectonic deformation, resulting in the development of complex fault networks, even if
characterized by limited deformation. The role played by structural inheritance and changes in stress field
through time, in influencing the successive re-activations of fault segments, is still a topic to be thoroughly
investigated. In this work, thanks to an extensive database made available by courtesy of Energean, we were able
to investigate a foreland sector at the margin of the southern Apennines. By means of thickness analysis of the
Neogene foredeep sequence and of displacement analysis along the fault network, we documented a shift from
forebulge-related extension, in Zanclean, to a new tectonic phase, since Piacenzian, related to a strike slip stress
field, possibly related to the activity of the Tremiti Fault Zone. We also characterized the geometry and con-
nectivity of the cover-restricted faults, developing above propagating normal faults and observed a clear cor-

relation between fault propagation tendency and lithological/mechanical layering within the cover units.

1. Introduction

The Apennines, of Italy, are a prime example of a recent orogenic
wedge, where previously rifted margins have been later progressively
incorporated into the orogenic system, in foreland sectors (Mazzoli,
2000; Shiner et al., 2004a,b; Butler and Mazzoli, 2006; Vai and Martini,
2013; Pace and Calamita, 2014; Bitonte et al., 2021). The dynamics
influencing the foredeep and the peripheral bulge system have already
been extensively investigated: as the wedge migrates toward the fore-
land, the latter experiences a first phase of far-field compressive tectonic
stress (Ziegler et al., 1995a; Lacombe and Mouthereau, 2002; Butler and
Mazzoli, 2006; Mouthereau and Lacombe, 2006; Ahmadhadi et al.,
2007; Scisciani, 2009; Pace et al., 2015; Craddock et al., 2017; Scisciani
and Esestime, 2017), then extension due to lithospheric forebulging
(Turcotte and Schubert, 2002; Billi and Salvini, 2003; Quinta and
Tavani, 2012) and, finally, the foreland can be involved in the outer
thrusts of the chain and being incorporated into the wedge (Tavani et al.,
2015a). On the other hand, additional research is needed to the un-
derstanding of the faults’ growth mechanisms and of the characteriza-
tion of the structural network that controls the foreland basin evolution,
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under such rapidly changing tectonic environment (Argnani and Fru-
goni, 1997; Quinta and Tavani, 2012; Tavani et al., 2015b; La Bruna
et al., 2018; Agosta et al., 2023).

Particular effort should be posed in deciphering the role exerted by
structural inheritance and by a lithologic control on the development of
foreland structural networks, as has already been extensively docu-
mented in different rifting settings (Gawthorpe and Leeder, 2000; Butler
et al., 2006; Tvedt et al., 2013; Phillips et al., 2016; Naliboff et al., 2017;
Rotevatn et al., 2018; Tavani et al., 2021). In fact, in these settings the
development of faults networks, affecting alternating sands and shales
tend to compartmentalize fault deformation into a stack of contrasting
mechanical layers and can inhibit a direct upward propagation of faults,
promoting instead the development of mechanically restricted faults
(Wilkins and Gross, 2002; Soliva and Benedicto, 2005; Tavani et al.,
2006; Roche et al., 2012).

In this study, we investigate the lithological control on faults growth
and propagation along a foreland sector of the Southern Apennines. We
present a case study where the foreland sector is cut by sets of normal
faults with different orientation and investigate the faults growth
through the Plio-Quaternary, when the area shifted from forebulging to
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transtensional tectonics. We record and disentangle successive episodes
of faults growth (Lacombe et al., 2009) and re-activations (Scisciani,
2009), by means of along-strike and along-dip displacement profiles
analysis (e.g., Soliva et al., 2006; Roche et al., 2012; Tvedt et al., 2013)
compared to the lithology of the foredeep sequence, in order to inves-
tigate possible mechanical control on fault propagation and growth.

Finally, a comparison with the present-day stress field, derived from
the inversion of selected moment tensor solutions, will be discussed. The
findings from this study provide important insights on the factors con-
trolling faults growth and propagation, linkage, and structural connec-
tivity in foredeep basins, where faults are typically immature and highly
segmented.

2. Geological and structural setting

The study area is located ahead of the northern sector of the Southern
Apennines, where a foreland domain is close to being incorporated into
the orogenic wedge (Fig. 1). It belongs to the Adriatic microplate, part of
the North African continental margin (Anderson, 1987; Battaglia et al.,
2004; Piccardi et al., 2011) and has been affected, during the Mesozoic
to Eocene, by the deposition of a thick epicontinental carbonate
sequence and that was later subducted under the Apennines during the
Neogene (Malinverno and Ryan, 1986; Royden et al., 1987; Royden and
Faccenna, 2018).

Since Late Triassic, the Adriatic plate has been affected by a long-
lasting extensional tectonic phase (Winter and Tapponnier, 1991;
Vlahovi¢ et al., 2005), possibly interrupted in the Early Cretaceous
(Ziegler et al., 1995b) and ending up in the Eocene (Casero and Roure,
1994). Locally, the fragmentation of the continental lithosphere resulted
in an articulated palaeogeography, characterized by shallow-water
carbonate shelfs (e.g., the Apulian platform) surrounded by pelagic
domains (e.g., the Umbria-Marche and Lagonegro-Molise domain;
Merlini and Mostardini, 1986; Patacca and Scandone, 2007; Patacca
et al., 2008; Cosentino et al., 2010). The Late Cretaceous-Eocene period
was marked by an abortive rift that ultimately ended up with the
dismembering of the Apulian platform (Vitale and Ciarcia, 2013).

Later, the Adriatic margin has been progressively involved into the
orogenic wedge of the Apennines, a fold and thrust belt formed since the
Neogene within the geodynamic framework of Africa-Eurasia plate
convergence (Doglioni, 1991; Patacca et al., 2008; Malusa et al., 2016;
Piana Agostinetti and Faccenna, 2018; Fellin et al., 2021). This chain has
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been alternatively interpreted as: i) characterized by the stacking of a
thin-skinned thrust system, with imbrications of sedimentary units de-
tached above a substantially undeformed crystalline basement (Bally,
1986; Merlini and Mostardini, 1986; Hill and Hayward, 1988; Calamita
et al., 1991; Cavinato et al., 1994; Ghisetti and Vezzani, 1997; Scrocca
et al., 2005; Patacca and Scandone, 2007) or, ii) by deeply rooted thick
skinned tectonics, partly re-activating inherited normal faults (Mazzoli,
2000; Shiner et al., 2004a,b; Scisciani and Montefalcone, 2006; Scis-
ciani, 2009; Pace and Calamita, 2014), possibly coexisting (Butler and
Mazzoli, 2006; Barchi and Tavarnelli, 2022). The eastward migration of
the chain is dated back to the late Cenozoic due to the eastward and
north-eastward flexural retreat of the Adriatic (foreland) lithosphere
plate boundary (Patacca and Scandone, 1989).

In the Adriatic foreland, wedge-shaped Pliocene—Quaternary syn-
orogenic sediments lie on top of the Messinian evaporites, unconform-
ably lying on top of Mesozoic-Cenozoic carbonates and separated by a
major regional erosive surface (i.e., the Messinian unconformity). Below
this erosive surface, carbonates of the Adria plate are locally consisting
of a Jurassic to Miocene sequence, mainly made up of limestones,
deposited as carbonate shelf platforms and ramp sequences separated by
unconformities (e.g., Ricchetti et al., 1988; Bosellini et al., 1999; Patacca
et al.,, 2008; Cosentino et al., 2010; Santantonio et al., 2013) and
recording some post-Cretaceous episodes of subaerial exposure (e.g.,
Mindszenty et al., 1995).

The stacking of the tectonic units in the Apennines followed an
eastward migration of the thrust systems, with the development ahead
of the thrust front of foredeep wedges filled by flysch -like sequences
(Patacca and Scandone, 1989; Coward et al., 1999; Patacca et al., 2004;
Critelli et al., 2011, among others) and a more external peripheral bulge
system. Sabbatino et al. (2021) tracked the forebulge migration of the
Central-Southern Apennines during the last 25 My, estimating a constant
migration velocity of ca. 15 mm/yr.

The differential evolution and structural architecture of the Apen-
nines, from north to south, resulted in the differentiation of the chain
within the Northern, Central and Southern Apennines, with the front of
the Northern Apennines extending far in the middle Adriatic whereas
the external front of the Southern Apennines is markedly recessed. Some
Authors (e.g., Argnani and Frugoni, 1997) interpret the recess between
the Northern and Southern Apennines as a lateral ramp, due to the
presence of the relatively rigid block of the Apulian Platform, inhibiting
the propagation of the thrusts in the southern sector.
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Fig. 1. regional geological and seismotectonic setting; the location of the study area (approximate, due to confidentiality of the dataset) is indicated with a yellow
box: a) geological sketch of the Apennines (modified after Scrocca, 2006; Casero and Bigi, 2013) including the age and location of the foreland basins; b) seis-
motectonic setting of the study area: for historical and instrumental seismicity (ISIDe Working Group, 2007; Rovida et al., 2016); faults after Casero and Bigi (2013).
Codes: MAR, Middle Adriatic Ridge; MF, Mattinata Fault; TRF, Tremiti Fault Zone. The Pescara basin bounded by the Tremiti Fault Zone borders the study area
(modified after Casero and Bigi, 2013; Scrocca, 2006; Rovida et al., 2019; Di Bucci and Mazzoli, 2003; Di Bucci et al., 2006). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Alternatively, following Scrocca (2006), the Tremiti Fault Zone is
interpreted as the surface expression of a lithospheric tear within the
subducting tear, below the Apennines. A differential speed in the retreat
of the lower plate has been resulting in i) the uneven propagation of the
Apennines thrust front (Fig. 1a); ii) the differential subsidence between
the northern and southern sectors and iii) in the development of a
lithospheric shear with dextral kinematics (Scrocca, 2006). This deeply
rooted right-lateral shear zone is imaged by the CROP M13 deep seismic
reflection profile (Finetti and Del Ben, 2005), which show a deeply
rooted positive flower structure, close to the normal fault that bound the
Apulian platform, to the east. Scisciani and Calamita (2009) highlight a
possible positive inversion of an older and rift-related normal fault along
the positive flower, supposing a detachment at the base of the upper
crust instead. In any case, they confirm the presence of a structure
related to wrench tectonics and focused in an area, the Central Adriatic
Sea, that previously experienced extensional tectonics, and resulting in a
weaker crust that later accommodated the differential movements
among rigid blocks within the Adriatic plate.

The study area is located along the western margin of the Pescara
basin (Fig. 1b), a sub-basin of the Adriatic Sea, closed between the front
of the southern Apennines, to the southwest, and the fold and thrust belt
of the Middle Adriatic Ridge (MAR), to the northeast. This latter is a NW-
SE striking fold and thrust whose external front is touching the most
external structures of the Dynarides (Finetti, 1982; Argnani and Gam-
beri, 1995; Argnani and Frugoni, 1997). Some Authors have highlighted
a deep rooting for these structures that indeed are apparently cutting
through the basement (e.g., Finetti and Del Ben, 2005a,b; Scisciani and
Esestime, 2017; Pace et al., 2015; Carboni et al., 2024). Some of these
structures, especially close the basin depocenter, in the most external
fronts, show evidence of salt tectonics, diapirism and inversion tectonics
(Pace et al., 2015). The MAR has been interpreted i) as being part of the
accretionary wedge of the Apennines (Scrocca, 2006) or ii) as being the
result of the far field stress transmission in the foreland, from a strongly
coupled upper plate (Scisciani and Calamita, 2009).

During the Neogene, the study area has been involved into the
flexure of the Apennines forebulge and accommodated the outer-arc
extension through the movement of shallow rooted normal faults.
Most of these faults ceased their activity during the Early Pliocene, but
some sets of normal faults, characterized by a NW-SE strike, were later
re-activated during a Late Pliocene tectonic phase, showcasing a normal
dip slip component of slip.

The seismotectonic setting, as highlighted by historical and instru-
mental seismicity (Rovida et al., 2016), is characterized by relatively
rare seismic events (Boschi et al., 2000;Guidoboni et al., 2019; Scrocca,
2006; Scisciani and Calamita, 2009, Fig. 1b), concentrated within a
depth range of approximately 11-20 km.

The Oct. 31, 2002, Molise earthquake (Mw 6.0 and epicentral in-
tensity VIII-IX MCS; Fig. 1b), was attributed to the strike-slip Mattinata
Fault, consistently with the right-lateral focal mechanism solution (Di
Luccio et al., 2005). Considering that the buried Apulia Platform is ca. 6
km thick, and its top lies at ca. 3 km of depth (e.g., Merlini and Mos-
tardini, 1986); this implies that the seismogenic structures of the 2002
Molise earthquakes are located essentially within the basement of the
Apulia Platform (Di Bucci et al., 2006).

The presence of this right-lateral slip component in the seismogenic
source is consistent with findings from previous investigations related to
the earthquakes of June 19, 1975, and July 24, 2003 (Anzidei et al.,
1997; Ferranti and Oldow, 2005). Notably, this latter event exhibits a
consistent alignment with the 2002 one and its focal mechanisms, even
though surface faulting was not observed, in this case.

Most important historic seismic events in the area, such as the 1627
Gargano earthquake (Me = 6.8; Rovida et al., 2019), further underscore
the connection to the Mattinata Fault (Di Bucci and Mazzoli, 2003; Di
Bucci et al., 2006).
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2.1. Stratigraphy

The study area is located along the margin of the Apulian carbonate
shelf, which is bounded and locally dissected by Mesozoic normal faults
(Fig. 2) active during successive pulses of extension, with a latest phase
dated back at Aptian-Santonian (Santantonio et al., 2013). The Apulian
carbonate platform passes, eastward, to the deep marine sequences of
the Mesozoic Adriatic Basin. This transition is characterized by a shift
from shelf platform carbonates to ramp successions. The youngest units
of the Apulian platform are Miocene in age and are constituted by
Messinian anhydrites and microcrystalline white limestone. A regional
erosive surface the Messinian Unconformity marks the top of the plat-
form when the platform carbonates are unconformably overlaid by
Pliocene units. Overlying the Apulian carbonate platform is a Neogene
clastic wedge, mainly made up of fine-grained deposits alternating with
beds of sands.

In this study, we analysed 11 well logs to evaluate fault-related
displacement across seven key stratigraphic horizons, spanning from
the Messinian to the present day (Fig. 3), with the oldest one corre-
sponding to the Messian Unconformity, three horizons within the Zan-
clean interval and three further horizons selected within the Piacenzian.
The thickness ranges from 5 to 20 m; however, due to confidentiality
agreements, the exact depths and thicknesses are not disclosed.

Based on the well reports, the Upper Miocene (Messinian) interval,
when present, is predominantly made of massive anhydrite deposits,
varying in colour from white to beige, and brecciated microcrystalline
limestones.

The Zanclean interval, is predominantly composed of marly clay and
clay interbedded with thin layers of fine to medium-grained sandstone
and occasional limestone beds. The sandstone layers, though present,
are relatively thin and suggest episodic deposition in a predominantly
shale-rich low energy environment. Inclusions of bioclastic limestone
are also observed, which may indicate brief periods of reduced clastic
input. Additionally, the shale layers show intercalations of clay-
carbonate cement and contain traces of pyrite, glauconite, and chlo-
rite, with scattered occurrences of microfauna, particularly
foraminifera.

The Piacenzian interval is characterized by alternating layers of
sandy deposits and marly clays, indicative of a dynamic marine envi-
ronment with varying energy conditions and sedimentation rates. The
sandstones within this interval are fine to medium-grained, often
interbedded with greyish-beige marly clays. These sandstone layers are
decimetre-sized, well-sorted, and primarily composed of quartz, sug-
gesting deposition in a higher-energy environment compared to the
underlying Zanclean. In contrast, the marly clays represent periods of
lower energy deposition, where finer sediments could settle, often
alongside carbonate accumulation, as indicated by the presence of
limestone beds within the marls.

A significant feature of the Piacenzian is a conglomerate layer found
between the Piacenzian 2 and Piacenzian 3 horizons (Fig. 3). This layer
points to a higher energy depositional environment, potentially linked
to changes in sediment supply or increased proximity to a dynamic
sediment source, such as during a storm or shift in sea levels.
Throughout this interval, fossil content, particularly foraminifera, is
abundant, especially within the marly clays, highlighting an active
marine environment with varying depositional conditions. The presence
of pyrite and glauconite within the sandy layers further suggests
diagenetic processes under reducing conditions, which would be typical
in environments with intermittent oxygen availability.

The Piacenzian depositional environment can be interpreted as a
moderate to high-energy marine setting, likely on the continental shelf,
where shifting sea levels and sediment supply played a crucial role in the
alternating deposition of sands, clays, and conglomerates. The transition
between sandy and marly layers, along with the presence of a
conglomerate, marks the Piacenzian as a dynamic period with varying
energy conditions, clearly defined by its lithological boundaries in the
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Fig. 2. a schematic geological cross-section across the study area (modified after Casero and Bigi, 2013): note the presence of both deep-seated normal faults,
inherited from previous tectonic phases, and of shallow normal faults, mechanically constrained within the Apulian platform.
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Fig. 3. Composite Stratigraphy of the study area and picked horizons, interpreted from well logs.

well logs. environment, likely influenced by fluctuations in sediment supply and
Finally, the Gelasian interval, is characterized by alternating se- water energy. The presence of clay-carbonate cement within the sandy

quences of grey plastic calcareous clays interbedded with fine to layers suggests diagenetic processes that further solidified the sediments

medium-grained sands. These sands typically exhibit angular to sub- post-deposition.

angular grains, indicative of deposition in a moderately energetic The interval also includes layers of ferruginous siltstone, with
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colours ranging from brown to reddish hues. This ferruginous nature
indicates oxidation processes during or after deposition. Additionally,
traces of pyrite, lignite, and mica are found throughout the interval,
reflecting a depositional environment with varying redox conditions.

Within this section, microfauna is locally abundant, particularly
foraminifera, which are more concentrated in the calcareous clay layers.
This suggests a marine setting with episodic changes in environmental
conditions, such as water depth and sediment influx.

The subdivision of the sequence into the Zanclean, Piacentian, and
Gelasian stage was determined based on detailed micropaleontological
reports from core samples. These reports allowed for precise biostrati-
graphic classification, ensuring well-defined boundaries between the
intervals. The corresponding biozones, such as Globoconella puncticulata
for the Zanclean, Globorotalia crotonensis for the Piacentian, and Buli-
mina marginata for the Gelasian, have been added to Fig. 3, which il-
lustrates the subdivisions for the Zanclean (1, 2, 3), Piacentian (1, 2, 3),
and Gelasian stages.

Additionally, insights from detailed well log data contributed to
understanding the lithological composition and depositional processes
of each stratigraphic interval.

3. Materials and methods

The precise location of the site remains undisclosed, due to the
confidentiality of the data. The study includes 41 industrial seismic
reflection lines with an average spacing of 500 m and 10 wells reaching a
depth of approximately 2 km. The seismic data were acquired during
multiple surveys, including a 2D seismic survey conducted in 1997 and
reprocessed seismic lines from 1976 to 1982. These datasets were
combined and post-processed to enhance the resolution of subsurface
features. The 1997 survey comprised 2D lines with a shot point interval
of 30 m, 120 channels, and 24 groups, covering approximately 47 km.
Additionally, older seismic lines were reprocessed and merged using
post-stack techniques to correlate with shallow water data from the
adjacent concession. The seismic data underwent several processing
steps to enhance data quality and improve geological interpretation.
These steps included resampling and geometry assignment; application
of field statics and residual statics corrections; deconvolution and low-
cut filtering; surface wave noise attenuation and geometrical
spreading compensation; frequency filtering and time-variant filtering
(TVF).

Both post-stack migration and time migration were applied to
improve the accuracy of structural imaging. Additionally, Amplitude
Versus Offset (AVO) analysis was conducted to identify amplitude
anomalies. The vertical resolution of the dataset is primarily constrained
by the 4 msec sample interval, though additional information on the
dominant frequency of the seismic wavelet is necessary for precise
calculation. Horizontal resolution is determined by the 30 m shot point
interval, and the survey achieved approximately 60% coverage of the
subsurface target areas.

The well logs include gamma ray, sonic log, delta T, density logs,
neutron porosity, resistivity log and spontaneous potential along with
other geological logs and reports (composite log, velocity log, micro-
paleontological and palynological reports) that were used for strati-
graphic  correlations among  wells, and to  calibrate
chronostratigraphically the stratigraphic intervals thanks to micropale-
ontological reports made available by Energean.

In cases where direct chronostratigraphic constraints were unavai-
lable, intermediate horizons situated between two dated horizons were
assigned approximate ages through the application of back-calculation
techniques. This approach involved estimating the likely age of the in-
termediate horizons by assuming a linear age-depth relationship be-
tween known dated intervals. By employing this methodology,
reasonable chronological estimates were established for the intermedi-
ate horizons, allowing for a more comprehensive understanding of the
stratigraphic sequence. The stratigraphic intervals have been defined
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based on lithology, depositional environment, and stratigraphic rela-
tionship with major erosive surfaces and/or unconformities.

Building on this, we proceeded with seismic interpretation of key
horizons (Fig. 3) and faults in the area.

The interpretation of the seismic data predominantly relied on the
use of TWT (Two-Way-Travel Time) sections; interpreted horizons and
faults have been later depth-converted for checking the well ties. Time-
to-depth conversion has been performed by means of the velocity model
developed by Energean and based on well velocities.

Here, we cannot disclose the depth of the analysed units nor their
thickness, due to confidentiality requested by the owner of the dataset;
thus, we will show the results in time domain (TWT). Nonetheless,
considering that the average interval speed for the Plio-Pleistocene in
the Adriatic foredeep ranges between 2000 and 2200 m/Sec (e.g.,
Mancinelli and Scisciani, 2020), when comparing the depths derived
from well logs with the corresponding TWT values within the Pliocene, a
minimal discrepancy was observed. A similar approach, dictated by
similar confidentiality reasons, has already been followed in Tvedt et al.
(2013). We have not performed backstripping, due to the uncertainties
in the porosity values, derived in turn from geophysical logging; none-
theless, following the results from Maesano et al. (2015), we do not
expect systematic changes in the calculated values larger than 15-20%.

Specific software’s were used for interpretation, visualization and
analysis of the geological features. To facilitate fault analysis, faults
were interpreted within the Petrel software environment and exported
as mesh surfaces. Subsequently, fault mesh surfaces have been imported
in the Move structural geology software for faults displacement analysis.
For the along-strike displacement analysis, each horizon’s cut-off lines
were projected onto the fault plane from a distance of ca. 100 m, in order
to avoid underestimation of offset due to dragging in the closeness of the
fault plane. Similarly, we calculated along-dip displacement profiles by
projecting the horizons on the fault line, on each analysed seismic
section.

To sum up the interpretation of the data described above, we here
present a conceptual model (Fig. 4) for the interpretation of the faults
imaged in the study area. The model faces the propagation of normal
faults across an overlying bed that can potentially inhibit the upward
propagation of the fault plane. This results in the potential development
of a set of cover-restricted faults, accommodating the passive folding on
top of underlying fault-propagation normal faults. In this line, we can
thus distinguish, with the cover units, between (a) connected faults (i.e.,
geometrically linked with the underlying main fault): and (b), discon-
nected or restricted fault (i.e., the lower tip of the overlying fault is
clearly separated from the upper tip of the underlying main fault).
Down-dip displacement profiles are diagnostic for the recognition of
these two types of faults with the cover restriction marked by a signif-
icant decrease or null displacement point of the overlying fault, with
respect to the typical displacement profile of growing normal faults,
with slip increasing downward. These displacement profiles are thus
diagnostic also for reconstructing the growth history of the faults and
thus to distinguish between connected faults sensu stricto and those faults
that originated as restricted and later linked downward to the under-
lying main fault.

Similar to down-dip displacement profiles, along-strike displacement
graphs, referenced to specific horizons, can be diagnostic for investi-
gating the along-strike propagation history of each fault strand,
including progressive linkage and/or self-similar growth through time.
Connected faults show a typical along-strike displacement profiles with
older horizons recording more displacement in all the locations along
strike. Conversely, restricted segments of faults show a partial inversion
of displacement with age, with the clear identification of breach points,
suggesting segmentation of the overlying sets of faults.

Subsequently, a comparative analysis was conducted, juxtaposing
the findings obtained from the along-dip displacement profile with the
shale-to-gouge ratio to investigate the mechanical behaviour of the
faults in relation to the lithological composition of the offset units. This
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Fig. 4. (i) Conceptual model of fault analysis along dip displacement profiles: a) throw profile of a connected fault; b) throw profile of a fault mechanically
restricted/disconnected; (ii) conceptual model of fault analysis along strike displacement profile.

integrative approach allowed us to uncover the underlying factors
influencing fault reactivation and further elucidate the complex inter-
play between fault connectivity and mechanical constraints within the
subsurface.

Finally, we inverted the moment tensor solutions of a set of instru-
mental earthquakes to compare the analysed faults with the present-day
stress field. We inverted a total of 25 earthquakes from the RCMT
(Regional Centroid Moment Tensor) database (rcmt2.bo.ingv.it; last
accessed 06th September 2024; see Supplementary Material). These
events have been obtained from the entire time frame of the RCMT
catalogue (i.e., from July 01, 1997 to present day) and for the wide
region centred on the study area (i.e., 14°-17° east and 41.2° — 42.7°
north).

We used both a kinematic method (Linked Bingham kinematic
method; FaultKinWin software; Marrett and Allmendinger, 1990) and a
dynamic approach (Wintensor software; Delvaux and Sperner, 2003)
obtaining the orientation of the principal strain/stress axes and, for the
dynamic approach, the stress ratio (i.e., R = [062-063]/[c1-63]). The
obtained stress field has been finally used to calculate the slip tendency
of the fault meshes, in the Stress Analysis Module of the MOVE software.

Slip tendency is the ratio of resolved shear stress to resolved normal
stress on a surface (Morris et al., 1996). The tendency of a given fault to
failure is determined by the ratio of shear stress to normal stress acting
on the fault plane and is defined as the slip tendency, ranging from O to 1
(e.g., Lisle and Srivastava, 2004; Morris et al., 1996); the greater the
calculated slip tendency the more probable failure will be. Given a stress
field, slip tendency can be represented on Stereoplots, for any fault plane
orientation and on Mohr circles, for a comparison with a Mohr-Coulomb
failure curve. For the latter comparison, we assumed an average angle of

internal friction of 30° and we showed the failure envelope closer to the
calculated Mohr circle, assuming that presently no patches of the faults
are slipping, under the present-day stress field. We calculated the ab-
solute values of the principal stresses at the average depth of the Mes-
sinian unconformity horizon, and we considered an average density for
the Plio-Pleistocene units of 2300 kg/m°>.

4. Results
4.1. Faults network

The structural setting of the study area is influenced by its position
near the western tip of the Tremiti strike-slip fault system, contributing
to the complex fault network as observed. The faults in the area pre-
dominantly display a NW-SE to WNW-ESE orientation, consistently with
the regional tectonic trend associated with the Apennines thrust belt and
its foredeep. We observed several sets of faults with a normal component
of slip on 2D seismic sections. Given that no 3D seismic data are avail-
able, no horizontal component can be measured, even if we expect it,
considering that the area is located at the western tip of the Tremiti
strike slip fault (Fig. 1b). We can group the mapped normal faults into
three sets based on the crosscut relationship with the stratigraphic units
and their relative orientation with respect to the chain foredeep and
forebulge axis (Fig. 5).

Setl is composed by high-angle normal faults, striking WNW-ESE (ca.
N110), that run longitudinally to chain foredeep and that are displacing
only the uppermost levels of the carbonate platform. On top of Setl
faults, where fault upward propagation is inhibited within the overlying
Pliocene shales, a fault-propagation fold develops and secondary high
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Fig. 5. map of the Messinian horizon along with the 2 sets of faults: the direction of the forebulge-related extension is indicated.

angle normal faults (i.e., bending-moment faults) locally accommodate
extension, resulting is cover-restricted faults.

Set Il is composed by high angle normal faults, ca. N210 striking, that
displace the uppermost part of the carbonate platform. Similar to the
major faults, these orthogonal faults are also confined downward by the
Messinian Unconformity.

4.1.1. Setl: longitudinal normal faults and overlying cover-restricted faults

Setl faults are mechanically restricted faults whose lower tip appar-
ently lies within the carbonate platform. Within the study area, we have
identified four major high-angle NW-SE striking normal faults (F1-F4 in
Fig. 5) that displace only the uppermost levels of the carbonate platform,
with the faulted platform reaching a depth of ca. 1500 msec TWT. In the
hanging-wall of F1 and F2, some short synthetic and antithetic faults,
mark the bounds of graben-like basins with a maximum length of ca.
4000 m.

As stated above, the lower tip of the structures is restricted within the
platform itself (F1 to F4 in Fig. 6), with an average dip of 55-60°, once
depth-converted. The small amount of cumulated displacement, the
downward dying-out of these faults within the platform and the short-
lived evolution: all these features suggest the interpretation of Setl
faults as due accommodation of extension in the outer arc of the foreland
forebulging, migrating across this area through time.

Fault F1 shows some peculiar features, in respect to the other faults
populating Setl. It has a significantly different strike (N140) and a
peculiar zig-zag geometry, where N110 segments show an en-echelon
right-stepping pattern, and are connected by N-S striking tracts, each

one of ca. 1400 m in length. The minimum length of fault F1, encom-
passing the study area, is 6.7 km and the maximum fault throw is 152
msec TWT, measured at displaced Messinian unconformity. Due to low
resolution with increasing depth, the geometry of F1 beyond ca. 2300
msec TWT within the platform is not clearly visible in the available
profiles. However, based on its analogy with other Setl faults, F1 seems
to be a platform-restricted fault.

Fault F2 is composed of three fault strands, for a total length of 14.6
km, separated by a small left-stepping relay zone, probably hard-linked
at depth. Average throw is ca. 90 msec TWT; the maximum value 155
msec TWT is recorded along the western segment. To the west, some
antithetic faults are present, ca. 3400 m long, bounding a graben.

Faults F3 and F4 are onshore faults within our study area. F3 spans
approximately 13.8 km in length, while fault F4 has a minimum length
of approximately 5.5 km. these two faults display a left-stepping en
echelon pattern and record and average displacement at the Messinian
unconformity of ca. 180 msec TWT.

The faults (F1 and F2) belonging to Setl show the tendency to be
restricted upwards. In fact, also the upper tip of the faults is typically
restricted at the top of the carbonate platform in the footwall block, with
faults being apparently inhibited to propagate upward into the Plio-
Pleistocene overlying siliciclastic sequence. Instead, these overlying
units are involved into typical fault-propagation folds. Nonetheless, as
displacement increases, the extension resulting from the overlying
folding tends to be accommodated also by localized deformation and a
set of cover-restricted normal faults (i.e., bending-moment faults; e.g.,
Chen et al., 2018) develops in the folded sequence (Fig. 6a and b). The
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bound as subsiding basin.

average throw recorded on each of these cover-restricted faults is in the
order of a 15-20 msec and can develop small subsiding grabens, close to
the anticlinal hinge of the fault-propagation fold.

Our analysis indicates no significant lateral lithological changes near
the faults in the Zanclean-Piacentian interval. While differential
compaction could be a factor in structural deformation, the available
data does not suggest any substantial inhomogeneity in lithology across
the study area. Therefore, we interpret the observed downthrow as the
result of deep fault reactivation rather than differential compaction
effects.

4.1.2. Set II: orthogonal normal faults

A second set of faults is composed by numerous short NE-SW striking
shallow normal faults, orthogonal to the longitudinal axis of the fore-
deep and distributed in the north-eastern sector of the study area, in the
footwall of F2 and F3 (Fig. 5). These smaller faults are near vertical (dip
close to 90°), and the average length is ca. 2 km. The faults are shallow
within the carbonate platform and have cumulated throw of only 30
msec TWT, on average.

Faults are arranged into small sets of conjugate faults with near
parallel sets bounding structural grabens elongated in the same direc-
tion. At depth these faults are still almost vertical and can be recognised
until ca. 400 msec TWT (Fig. 7), probably due to the loss in vertical
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Fig. 7. Set II of orthogonal shallow normal faults located in the hanging wall of fault F2.

resolution of the seismics at those intervals.

4.2. Structural maps and fault displacement analysis: the Neogene
evolution of the fault sets

Thickness maps of the intervals between the interpreted horizons
(Messinian, Zanclean 2, Zanclean 1, Piacenzian 3, Piacenzian 2, Pia-
cenzian 1) within the foredeep sequence (Fig. 3) provides a plan view
picture of the evolution of the fault network since Early Pliocene times
(Fig. 8).

Setl faults include the main tectonic structures deforming the area

(a) Messinian Unconformity
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during the Zanclean (Fig. 8b and c), with F2 and F3 showing evidence of
fault activation only in the Western section of the map. During this in-
terval, antithetic SetI faults developed in narrow sectors near the traces
of F2 and F3, where significant variations in displacement along the
fault length indicate localized tectonic stress.

Between Zanclean 1 and Piacenzian 3 (i.e., early Piacenzian), the
faults were almost inactive, with some possible movements along fault
F2 (Fig. 8d).

Later, during the Piacenzian (Fig. 8e), faults have been re-activated,
particularly in the western sector of the study area (F3 and F4), with the
subsequent development of a narrow fast-subsiding basin. Finally,
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Fig. 8. (a) Isobaths (depth contours) and (b—f) isopaches (thickness contours) both in TWT for horizons and the intervals between horizons in the study area.
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during the latest Piacenzian (Fig. 8f), the deformation moved in the
eastern side of the study area, especially along F1, whereas F2 showed
only a minor re-activation. No data are available for the onshore sectors
(F3 and F4). During this period, the local re-arrangement of submarine
channels, resulted in the deposition of a thick coarse-grained channel-
facies body, running almost N-S across the study area (Fig. 8f).

Fault F2 shows evidence of reactivation in a single seismic line
(Fig. 6b). This line shows the presence of a narrow graben with a com-
plex set of cover-restricted faults accommodating the extension above
the tip of the main synthetic structure. Given the limited dataset
covering this evidence, the fault will not be analysed thoroughly here.

Conversely, fault F1 is the best documented structure in our dataset,
showing a complete record in several seismic reflection lines and, will be
analysed in detail. Along the fault F1, the strike shows a recent reac-
tivation, resulting in folding of the overlying units and in the develop-
ment of cover restricted faults, above the tip of the main structure.

The along-dip displacement profile of F1 (Fig. 9) reveals an abrupt
decrease in throw at the top of Messinian unconformity, followed by an
uneven displacement pattern in the overlying cover units. Two
displacement peaks are observed at the Piacenzian 2 and Zanclean 2
horizons reaching a max throw of 17 msec TWT and 14 msec TWT,
respectively. In contrast, the horizons Piacenzian 3 and Zanclean 3 show
smaller displacements, measuring approximately 6 msec and 8 msec
TWT. As conceptually illustrated in the Methods Section, this displace-
ment profile indicates a cover-restricted fault strand that accommodated
slip induced by movement on the underlying fault F1. Localized
displacement is particularly inhibited within the Zanclean and close to
Piacenzian 3 horizon.

The comparison with lithological facies, as derived from gamma ray-
logs (Fig. 9) clearly correlates the abrupt decrease in localized
displacement to the presence of shale layers. These end to accommodate
offset through folding and/or distributed sub-seismic small-scale faults,
rather than allowing an upward propagation of fault tip.

The along-strike displacement profile (Fig. 10) illustrates important
changes of such a behaviour along the strike of the fault. The Messinian
has cumulated the highest amount of displacement, with a bimodal
profile of along-strike throw that clearly defines two presently linked
segments within the fault, with a maximum displacement of 152 msec
TWT. Despite the hard-linkage of the two segments, important changes
in the cumulative throw distribution are still visible along strike also in
the youngest horizons, particularly in the area between 1500 and 2000
m (Fig. 10), suggesting that structural segmentation persisted also after
linkage. The along-strike throw distribution with time, in fact, shows

20 40 60
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that a progressive filling of the throw gap with time was inhibited,
promoting instead a persistent segmentation of the fault through a
barrier located between the two old segments.

Following these observations, we identified two distinct segments,
denoted as Segment A, to the northwest, and Segment B, to the southeast
(Fig. 10a). Notably, Segment A exhibits a well-connected fault system,
whereas Segment B is characterized by the presence of cover-restricted
faults, above fault F1. Segment B can be further subdivided into two
subsectors: one featuring a single-layer restriction and the other mani-
festing a multi-layer restriction. Within the single-layered restriction
subsector, it is observed that the inversion of the Piacenzian 2 and 3
exceeds that of the Zanclean 1 and 2, with a segment where Piacenzian
inversion is notably absent. In this multi-layered restriction zone, in-
versions are observed in both the Zanclean and Piacenzian horizons.
Segment A exhibits the maximum fault throw during the Zanclean,
whereas Segment B shows the maximum throw during the Piacenzian.

This is better illustrated in Fig. 10b, where we mapped the distri-
bution of throw along the fault plane, projected as vertical. The seg-
mentation of the fault F1 is clearly depicted both at depth and in the
shallower portion of the fault, where the limited amount of displacement
migrated toward the southeast (toward Segment B), through time.

4.3. Earthquake data inversion and slip tendency of the fault network

The inversion of the available earthquake focal mechanisms in the
area can be used to investigate if changes in the local stress field is one of
the main factors controlling the selection of more compliant fault seg-
ments to be re-activated during the latest tectonic phase, under the
assumption that the stress field has remained stable since Late Pliocene.
We selected events located within a significant area around the study
area, including the margin of the Middle Adriatic Ridge (MAR), the
Tremiti Fault Zone and Mattinata Faults.

Fig. 11a displays the available focal mechanisms, mainly represented
by strike-slip or thrust faulting events. The inversion of the data reveals a
strike-slip regime with a maximum horizontal stress axis bearing NW-SE
(Table 1).

The slip tendency has been calculated on the three-dimensional mesh
surfaces obtained from interpreted seismic data for main faults in the
area (Fig. 11b). Slip tendency shows significant changes along the length
of the faults, mainly due to small changes in the faults strike.

Fault F1 is the most prone to slip along its entire length and downdip
extent. F2, F3 and F4 show more complicated patterns, with more
compliant segments alternating with other ones less prone to slip, under
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Fig. 9. Along-dip displacement profile of the fault F1: note the abrupt decrease of displacement along the profile, pointing to the presence of a cover restricted fault.
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the present-day stress field. In particular, F2 shows a high slip tendency
in its southernmost part. The fault segments more prone to slip are those
ones displaying high dip angles and striking N100-110 or N140-150
(Fig. 11b).

Notably, those segments more predisposed to slip are the ones that
moved during the latest tectonic phase, thus confirming the initial
assumption, that the area experienced a stable tectonic stress field since
Late Pliocene to present day.

5. Discussion

Drawing on the data described above, we finally discuss how struc-
tural inheritance influences the development of later faulting network
and then analyse the strain localization and faulting style within a me-
chanically layered sequence.

5.1. Faults re-activation from forebulging to transtensional tectonics

During a first tectonic phase (Fig. 12a), the area underwent a ca. N40
directed extension, accommodating the forebulging at the front of the
Southern Apennines (Fig. 5). The time encompassed by this first tectonic
phase in the study area can be constrained between Messinian and the
late Zanclean, based on thickness maps, and ended in the late Zanclean,
with a period of relative tectonic quiescence until the Piacenzian.

11

At the same time, also faults F2, F3 and F4 developed as optimally
oriented Setl faults, restricted within the Apulian platform. Set II faults,
given their limited length and cumulate displacement, can likely be
interpreted as footwall release faults (sensu Destro, 1995) that accom-
modate footwall strain where a high displacement gradient is present of
the main fault. We observe, especially for those faults located in the
footwall of F2 (Fig. 5), that on the main longitudinal fault a small sector
with a high cumulative displacement and a short graben structure is
present in their closeness. Additionally, Set II faults dip in the direction
where displacement decrease along the main fault, consistently with
kinematics of release faults.

Assuming the foredeep-forebulge system migration velocity of 15
mm/yr (Sabbatino et al., 2021), this could had moved 15-20 km in the
time interval between the latest activity of Zanclean tectonic phase and
the inception of the first pulses of the second one. Such a distance had
possibly resulted in the bypass of the study area by the forebulge and in
the generalized rest of the previously active normal faults.

During the successive tectonic phase (Piacenzian to present-day;
Fig. 12b) we record the re-activation of selected segments of the fault
network under a new tectonic stress field. We interpret this drastic
change as due to the incorporation of this area in the eastern tip of the
Tremiti Fault Zone with a horse-tail and extensional normal faults (Kim
and Sanderson, 2006). Notably, the timing of inception of this tectonic
phase is consistent with the age of the latest tectonic phase recorded at
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Table 1
strain axes calculated following the kinematic (Marrett and Allmendinger, 1990)
and the dynamic method (Delvaux and Sperner, 2003).

Strain Axis Trend/plunge Stress axis Trend/plunge
Stress ratio (R) = 0.37

El 220/03 o3 220/01

E2 323/79 o2 314/76

E3 130/11 ol 129/14

the Tremiti islands (Brozzetti et al., 2006, Fig. 1b).

The normal component of displacement observed at this stage and
the geometry of the fault array, would be reconciled with the calculated
strike slip tectonic environment, if we consider the area as representing
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the easternmost termination of the dextral strike slip Tremiti Fault Zone.
The described fault geometry and architecture is consistent with the
termination of large deep-seated wrench zones, where distributed strain
is locally accommodated by horsetail sets of faults (Sylvester, 1988;
Morley, 2002; Kim and Sanderson, 2006). It is commonly observed that
these faults can strike at high angle with respect to the main shear zone
and that are typically located in the dilational quadrant of the fault tip
(Segall and Pollard, 1980).

Fault plane orientation is apparently the main factor determining the
extent of fault re-activation, during this stage, if we compare the tracts
with evidence of later re-activation with the predicted present-day stress
field. In this line, inherited fault from the Zanclean tectonic phase,
accommodated deformation only in those sectors where are compliant.
Fault F1, that previously developed with a non-optimal orientation,

iti Flower

Fig. 12. Conceptual scheme summarizing the tectonic evolution of the study area and surroundings sectors: a) Zanclean tectonic phase, dominated by normal faults
accommodating outer arc extension due to forebulging; b) Piacenzian tectonic phase, characterized by the re-activation of compliant inherited fault segments, under
a strike slip tectonic environment.
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driven by inherited crustal weakness zones, was later better oriented for
re-activation, resulting in the later linkage of the two fault strands
developed so far and in the localization of most of the deformation
recorded in the area.

The other faults, conversely, experienced a very limited re-
activation, focused in the relay zones of F2, where a more compliant
geometry is present. Lacking three-dimensional kinematics on the set of
the analysed faults, we can only rely on dip slip kinematics, that can be
potentially largely underestimating the real amount of fault displace-
ment, for progressively more oblique rake values.

Complex fault patterns have been described and modelled for
wrench zones (Naylor et al.,, 1986; Sylvester, 1988), including the
characterization of the complex wrench zone belonging to the Mattinata
Fault, some kilometres to the south, where the strike slip fault is inter-
acting with the advancing front of the Southern Apennines (Di Bucci and
Mazzoli, 2003; Tondi et al., 2005; Di Bucci et al., 2006). In areas located
at the fault tips, both transpressive and transtensive tectonics are pre-
dicted, mainly depending on i) their location within the dilational or
compressional quadrants, ii) the possible interactions with other con-
current deforming fronts (Di Bucci et al., 2006) and iii) possible in-
teractions with inherited faults, with high-angle structures mostly
associated with transtensional accommodation (Sylvester, 1988; Kim
and Sanderson, 2006).

It is noteworthy that, however, the faults re-activated under strike
slip tectonics, are apparently still restrained within the Apulian Plat-
form, thus accommodating only the shallow deformation into the crustal
volume. This would imply the existence of a weak detachment level,
where decoupling between the upper platform units and the lower ones
can be obtained. We propose that the Burano anhydrites, at the base of
the Apulian Platform, are a well-fitting candidate as such a weak layer.
Several diapiric structures, localized in the foreland or along the Middle
Adriatic Ridge are known and fed by the Burano anhydrites. The
thickness and lithology of the Burano anhydrites below the Apulian
Platform is unknown: this units has been directly explored at very
limited outcrops (e.g., Bosellini et al., 1999) and, in the subsurface,
through limited well-cores (e.g., Scisciani and Esestime, 2017; Borrelli
et al., 2023), including the some deep exploration wells, some kilome-
ters from the study area (i.e., “Androdoco 1” “Gargano 17, “Ernesto Nord
1” “Puglia 1” and “Foresta Umbra 1~ wells; available at the Videpi
database webpage — https://www.videpi.com/videpi/pozzi/pozzi.asp;
last accessed on the 12th Jan 2024).

Additionally, the Mattinata and Tremiti Faults are both apparently
young structures that accommodated a relatively small amount of
displacement (Tondi et al., 2005; Brozzetti et al., 2006; Di Bucci et al.,
2006), conversely to what has been originally speculated by previous
Authors (De Dominicis and Mazzoldi, 1987). Structurally immature
faults tend to accommodate only a small portion of the slip at depth near
the surface (ca. 50-60%, according to Dolan and Haravitch, 2014) and
typically display a distributed strain accommodation at relatively
shallow depths.

5.2. Influence of mechanical layering on cover-restricted faults’ initiation
and growth

Albeit several segments of the fault network experienced a later re-
activation, only very limited sectors display the presence of cover-
restricted faults. Most of the offset from underlying main faults is
accommodated in the overlying foredeep units through folding and/or
sub-seismic localized deformation.

Cover-restricted faults develop only where offset on the main fault is
large and/or the presence of grabens locally enhance the throw on the
main synthetic normal fault thus resulting in the development close
growth folds, over propagating normal faults (Coleman et al., 2019).
When folding exceeds a threshold value, given by the fold wavelength
and thickness of the folded units (Livio et al., 2018), bending-moment
faults enucleate near the anticlinal hinge of the folds. These enucleates
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as isolated small shear fractures within the layers that are mechanically
predisposed to localize deformation (i.e., more sandy layers) and then
tend to propagate as double-edge restricted faults (Soliva and Benedicto,
2005; Soliva et al., 2006; Tavani et al., 2006; Roche et al., 2012), as
elsewhere already observed in similar setting (Bull et al., 2006; Bitonte
et al., 2021).

When analyzing along-dip displacement profiles, we observed that
maximum displacement of cover restricted faults is multimodal, with
two maxima located within the Zanclean and in the middle of the Pia-
cenzian interval. We can suppose that maxima along profiles indicate
the enucleation point of the initial fault, even if considering that other
factors (e.g., fault interactions) can concur in determining the cumula-
tive displacement profile through time (Biirgmann et al., 1994; Cowie
and Shipton, 1998; Wilkins and Gross, 2002). Notably, lithologies
characterized by: i) high porosity, ii) low cementation, iii) high ductility,
iv) a relatively high clay/organic/evaporite mineral content and v) a
strain-softening dynamic behavior tend to experience a higher
pre-faulting strain before fault nucleation and to inhibit a later fault
propagation with slip (e.g., Van Gent et al., 2010; Agosta et al., 2015;
Ferrill et al., 2017). In our setting, shales behave as a decoupling level,
promoting folding and distributed accommodation and resulting in a
higher displacement gradient (e.g., McGinnis et al., 2016; Ferrill et al.,
2012). The lower Zanclean interval, for example, show a strongly
asymmetric profile, with a marked lower fault tip gradient, suggesting
that upward fault tip propagation strongly inhibited at the upper tip.

6. Conclusions

We analysed a sector of the foredeep system of the Southern Apen-
nines that can be considered as paradigmatic of a foreland sector
involved into different successive tectonic phases during the Neogene.

By means of thickness and displacement analysis, we explored the
evolution of the fault network through time and in space: we investi-
gated the factors controlling fault re-activations and propagation in the
thick cover units and compared the present-day tectonic stress field with
the latest faults re-activations.

From the data and analysis above, the following conclusions can be
drawn.

- a change in the tectonic stress field from forebulge-related extension
to a strike slip tectonic environment can be dated back after Pliocene,
when the area was incorporated at the tip of the right-lateral Tremiti
Fault Zone;

in this area, characterized by a limited deformation and where faults
experienced relatively small amount of displacement through time,
fault plane orientation is the main factor determining the potential
for fault re-activation as strike-slip or normal faults.

the propagation of normal faults into the overlying foredeep
sequence is mostly inhibited by such a thick sequence of clastic units.
Nonetheless, at places, fault propagation can be promoted by large
offset on the main faults and/or my closer growth folds, with the
development of cover-restricted bending-moment faults.

Foredeep settings are of primary importance for oil & gas plays
exploitation and for gas storage projects, often to be developed in
depleted reservoir. Nonetheless, a deep and careful structural and me-
chanical characterization is needed, as underlined in the present study.
We demonstrate that significant changes in structural style, fault con-
nectivity and partitioning of deformation happen at small distances
along the structural network, depending on both stress state and on
mechanical stratigraphy of the overlying cover units.
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