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Preface to ”The Apennines: Tectonics, Sedimentation,

and Magmatism from the Palaeozoic to the Present”

This Special Issue of Geosciences consists of a selection of papers, some of them presented at the

International Meeting EGU 2020 in the session: “Apennines tectonics, magmatism and sedimentation:

from Permian to Present”. This session emphasized the necessity of a multidisciplinary and

integrated approach to the study of the Apennines and the related crustal structures.

Papers included in this Special Issue deal with structural, stratigraphic, geochemical and

geophysical methods, and cover arguments from local to regional scale, investigating different sectors

of the Apennines (Figure 1) and their role from pre-orogenic to late- and post-orogenic stages during

belt’s evolution.

Figure 1. Numbers are the same of the references list, indicating the areas where the papers of this

special issue are related. Modified after Google Earth 2018.

The completeness of the information collected in this book, makes it an optimal revision and

implementation of the knowledge for the entire Apennines, as also shown by the location of the

different study areas, distributed throughout the entire belt.

The geodynamic context is investigated by Turco et al. [1], proposing a reconstruction on the

coeval development of the Tyrrhenian Basin and Apennines, from Oligocene to present. This is based

on the assumption that different crustal blocks, delimited by shear zones and involved in the tectonic

evolution, rotated under the same Eulero pole. Values at the base of this study are interestingly

obtained from balanced crustal geological sections and stratigraphic data.
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A multidisciplinary approach to unravel the evolution of the Apennines from Cretaceous to

present is then presented by Cardello et al. [2]. These Authors deal with central Apennines, with

emphasis on thrust evolution and inheritance of extensional structures, a crucial theme in the frame

of the Alpine-Apenninic orogeny.

The relationships between Alps and Apennines are faced by Piana et al. [3]. These Authors

conclude accounting for the role of a regional Oligocene–Miocene transfer zone which favored the

Adria indentation and drastically influenced kinematics and tectono-metamorphic evolution of the

involved tectonic units.

Regarding the northern Apennines, a long-lasting issue on the age and evolution of the Paleozoic

basement cropping out in Tuscany is discussed by Capezzuoli et al. [4]. The new investigations on

palynoflora and sporomorphs, joined with original structural studies, relate these Paleozoic rocks to

the Middle Mississippian and exclude their involvement in the Hercynian deformation.

Several contributions are concerned with tectonics and sedimentation relationships in the outer

zone of Apennines.

Brozzetti et al. [5] illustrate the Miocene foredeep evolution, providing paleontological,

sedimentary, and structural data to constrain the timing and reconstruct the evolution of the

compressional deformations in the central part of the northern Apennines.

The same time-span is investigated by Conti et al. [6], discussing the seep-carbonates cropping

out in the outer zone of the northern Apennines. These Authors integrate sedimentary, geochemical,

and paleontological data, providing a unique dataset for cold seepage systems, with fallouts for the

understanding of the modern carbonates, located in comparable tectonic settings.

Costa et al. [7] discuss the relationships between sedimentation and tectonics during the

Pliocene–Quaternary in the outermost (i.e., eastern) part of northern Apennines. This work integrates

field and geophysical data, and highlights the relationships between negative vs. positive reactivation

of inherited structures in this part of the Apennine fold and thrust belt.

A study, reconstructing the burial-deformation history of sedimentary rocks in outer zones of

the Apenninic Chain (Cingoli anticline), is then provided by Labeur et al. [8]. The work is based on

the combination of geochemical and microstructural analysis, allowing to identify the effects of the

regional tectonics from layer-parallel shortening to fold growth.

Three different contributions describing crucial issues in the tectono-stratigraphic evolution of

the southern Apennines are also included in this Special Issue.

Based on a multidisciplinary approach involving field mapping, structural geology,

biostratigraphy, and geophysical methods, Prosser et al. [9] shed light on the age and structural

setting of crucial deposits belonging to the Tethyan oceanic cover (i.e., Albidona formation). Surface

geology, coupled with subsurface data, has allowed the Authors to better define the stratigraphic

features of the Albidona Formation, and to provide an updated review on the tectonic setting of the

well-known Agri Valley.

In the same line of innovation, Vitale et al. [10,11] present two contributions on the inner part of

southern Apennines. The Authors analyze compressional deformation structures in several key-areas

of the western part of the southern Apennines. A detailed kinematic, structural and stratigraphic

approach permitted to define the timing of in- and out-of-sequence thrusts, thus better explaining the

relationships among the geological bodies of southern Apennines.

Geological features related to the extensional tectonics affecting the inner zone of the northern

Apennines are reported by Bianco [12], who studied a Miocene extensional shear zone, precursor of

other regional low angle normal faults. The microstructural study highlighted the role of the strain

partitioning and of the fluid assisted deformation during this extensional event.

x



Inland Pliocene extension is accompanied by magmatism. The relationships between magma

emplacement and structures is discussed in Brogi et al. [13], who describe the role of the transfer

zones and their internal deformation to favor up flow of magmatic, deep fluids in localized,

fracture-controlled, permeable sectors.

Effects of extensional tectonics in recent times are then investigated by Ghinassi et al. [14], who

applied a multidisciplinary approach based on stratigraphy, dating analyses and structural geology

to depict the tectonic control on fluvial tracks, by studying a key area where one of the main Italian

river changed its flow direction.

The morphogenetic stage of the evolution of the inner NW zone of the Northern Apennines is

described by Isola et al. [15]. They constrained the uplift of the Alpi Apuane region, joining structural

and sedimentological analyses in caves with speleothem dating. Hence, indications for the erosion

rate during the Late Neogene uplift of the inner NW Apennines belt is provided.

Finally, Molli et al. [16], one century after the 1920 Mw 6.5 Fivizzano earthquake, presented

a reappraisal of the potentially seismogenic faults and fault systems of this sector of the inner

northern Apennines, reviewing existing data along with new observations. The result is an integrated

approach, leading to a catalog of active faults and a new tectonic scenario accounting for their

development.

Domenico Liotta, Giancarlo Molli, Angelo Cipriani

Editors
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Abstract: We describe the opening of back-arc basins and the associated formation of accretionary
wedges through the application of techniques of deformable plate kinematics. These methods have
proven to be suitable to describe complex tectonic processes, such as those that are observed along the
Africa–Europe collision belt. In the central Mediterranean area, these processes result from the passive
subduction of the lithosphere belonging to the Alpine Tethys and Ionian Ocean. In particular, we
focus on the opening of the Tyrrhenian basin and the contemporary formation of the Apennine chain.
We divide the area of the Apennine Chain and the Tyrrhenian basin into deformable polygons that are
identified on the basis of sets of extensional structures that are coherent with unique Euler pole grids.
The boundaries between these polygons coincide with large tectonic lineaments that characterize the
Tyrrhenian–Apennine area. The tectonic style along these structures reflects the variability of relative
velocity vectors between two adjacent blocks. The deformation of tectonic elements is accomplished,
allowing different rotation velocities of lines that compose these blocks about the same stable stage
poles. The angular velocities of extension are determined on the basis of the stratigraphic records of
syn-rift sequences, while the rotation angles are obtained by crustal balancing.

Keywords: Tyrrhenian–Apennine system; non-rigid plate kinematics; rotation models

1. Introduction

The peri-Tyrrhenian orogenic belt, which is formed by the Apennine Chain, the Cal-
abrian arc, and the Sicily Chain, is the most recent expression of the geodynamic process
that created the western Mediterranean basin after the Europe–Africa collision (Figure 1).
Large-scale extensional tectonics, coupled with orogenic processes, formed the Tyrrhenian
basin, while the thrust belt–foredeep system of the Apennine chain continued migrating
towards the present-day Adriatic–Ionian foreland. The Tyrrhenian margin of the Apennine
chain experienced widespread extensional tectonics, characterized by formation of several
marine basins, intramontane troughs, and intense magmatism. The Tyrrhenian Sea, which
developed since Middle Tortonian times, is the youngest basin of the western Mediterranean
region [1]. It has been extensively studied since the 1960s. In spite of the huge amount of
available data, the geodynamic evolution of the Tyrrhenian basin and surrounding regions
are not yet coherently described and have been subject to controversial interpretations [2–17].
In particular, the kinematic relationships between extension in the Tyrrhenian Sea, basin
formation along the Tyrrhenian margin of the Apennine chain, migration of the Apennine
arcs, and volcanism still remain to be determined.

Geosciences 2021, 11, 177. https://doi.org/10.3390/geosciences11040177 https://www.mdpi.com/journal/geosciences
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Figure 1. Digital terrain model (ASTER images, 1.5 s) of the western Mediterranean region with major,
simplified, tectonic lineaments; modified after [18].

The main reason for the existence of controversial interpretations is due to the com-
plexity of the geodynamic processes that generated the Tyrrhenian–Apennine system. It
belongs to the Africa–Europe collision belt along which the fragmentation of the Adriatic
plate started [19] since the upper Cretaceous, followed by upper Oligocene slab-retreat
events. All these processes have produced an articulated Africa–Europe collision front,
which includes back-arc basins and the Apennine chain. Most models proposed so far for
the description of the evolution of the Tyrrhenian–Apennine system are based on strati-
graphic and structural analyses of transects, not always correctly oriented along the flow
lines of relative motion. Tectonic reconstructions obtained with such a 2D method often
neglect important 3D kinematic constraints expressed by structures that are transversal to
the chain [4,20–22]. Only a few authors have followed an approach based on the laws of
plate kinematics [15,23–26].

In this work, we propose a quantitative method for describing the evolution of a
system of deformable tectonic elements in the context of a back-arc extension and associated
building of an accretionary wedge mountain belt. The technique is then applied to the
kinematic reconstruction of the Tyrrhenian–Apennine region. Previous works [6,27,28] have
described the tectonic evolution of this area in the rigid plate kinematics approximation.
Here, we use the same kinematic framework but allow internal deformation of the blocks
during their motion. This approach provides a better representation of the geological
processes associated with the formation of back-arc basins, in particular the existence of
transverse structures along the axis of the accretionary wedge. Finally, we will show that
the resulting model supports the formation of at least three STEP (Subduction-Transform-
Edge-Propagator) faults along the subducting slabs.

2. Geological Setting

2.1. The Apennine Chain

The Apennine–Maghreb chain is considered a Neogene thrust belt, which comprises
Mesozoic to Palaeogene sedimentary rocks, derived from different basins and shelf located
in paleogeographic domains of the Adria continental margin [27] (and references therein).

According to Turco et al. [18], when the Sardinian-Corsica block (SCB) started separat-
ing from the European plate, a long trench was present in the Central-Western Mediter-
ranean region, where Liguride-Tethys lithosphere was subducting. We know that the polar-
ity of subduction flipped from NW below the Calabrian Arc-Kabylies to SE below Alpine

2
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Corsica (AlC) and the Western Alpine Arc (WAA). Such a structure always determines the
formation of a strike-slip fault that links the two branches of the subduction zone [29]. The
rotation of the Sardinian–Corsican block accompanied this process, favouring the sinistral
transpressional character of the plate boundary between Adria and Sardinia-Corsica block
(yellow line A, Figure 2). At the end of the Sardinia–Corsica rotation, such a lithosphere
fault reached its maximum length of ~500 km (Figure 3).

Figure 2. Plate reconstruction of the western Mediterranean region at 33 Ma. The distribution of the
continental lithosphere is shown in (gray). Present-day coastlines are shown for reference. (Black)
arrows represent direction and magnitude of relative motion. Strike–slip faults are shown in (yellow),
labeled A, B, C. (Red lines) are convergent boundaries. Blue lines are divergent boundaries. (White

lines) represent extinct spreading centers. (Red triangles) are volcanoes associated to the Tethys
subduction; black triangles are volcanoes probably associated with the pyrenaic subduction. AlC:
Alpine Corsica; SCB: Sardinian-Corsican block; WAA: Western Alpine Arc; modified after [18].

Figure 3. Plate reconstruction of the western Mediterranean region at 19 Ma (late Aquitanian). Dotted
areas indicate wedge-top basins. Lower Miocene Chains are shown in (dark gray), the Africa-Adria
continental lithosphere is in (light gray), the oceanic crust is in (blue). (Red lines) are active boundaries.
(Black lines) are inactive boundaries. (Yellow lines) are strike-slip faults. (Red triangles) are volcanoes
associated to the Tethys subduction; (black triangles) are volcanoes probably associated with the
pyrenaic subduction. AlC: Alpine Corsica; Ap: proto-Apennine chain; SCB: Sardinian-Corsican block;
WAA: Western Alpine Arc. Other symbols are the same from Figure 2; modified after [18].

3
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At the end of the rotation, the Liguride slab was juxtaposed to the Corsica block and
had dragged with it the deepest parts of the Calabrian accretion wedge, thereby a mélange
of rocks belonging to the accretion wedge formed along the transpressive boundary. Com-
plex structures, probably associated to the transpression, formed top-wedge basins, filled by
sediments of the external Liguride flysch, today outcropping along the Tyrrhenian margin
from Liguria to northern Calabria [30]. During the Burdigalian, the extension jumped from
the western to the eastern margin of the Sardinian-Corsican block (future Tyrrhenian area)
and the construction of the Apennine Chain continued further East. Therefore, the process
of Tyrrhenian extension is strictly connected to the formation of the Apennine Chain. In cur-
rent literature, the Apennine Chain extends from the Sestri-Voltaggio line to the Sangineto
line (northern Calabria) [31–34] (Figure 4) and, on the basis of the paleogeographic domains
involved in its structuring, it is subdivided in: (1) Northern Apennine, where the Ligurian
allochthonous units extensively crop out [7,35–40], (2) Umbria–Marche Apennine, where
sediments of the homonymous continental paleogeographic basin outcrop [7,38,41–43],
(3) Lazio–Abruzzi Apennine, characterized by the presence of the homonymous Cretaceous
carbonatic platform [44–49], and (4) Southern Apennine, which resulted from the deforma-
tion of the Campania–Lucania platform and the Lagonegro Basin [11,50–54]. The lateral
continuity of the Apennine units is interrupted by the Calabrian arc along the Sangineto
line and finds again its lateral continuity in the Maghrebide belt, which starts outcropping
in Sicily, west of the Taormina line [33,55,56] (Figure 4).

Figure 4. Location map of the main paleogeographic and structural units, modified after [28].

It is important to note the following key peculiarities of the Apennine chain: (a) the
basement of the Adriatic margin is never involved in the structuring of the chain; (b) although

4
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the chain is exclusively made up of carbonate rocks deriving from the Adriatic domain,
the foredeep and top-wedge sediments have a composition mainly referable to continental
basement rocks [57]; (c) during its structuring, while the Apennine chain grows along the
Adriatic front, it is subject to extension along the Tyrrhenian side.

2.2. The Tyrrhenian Sea

The Tyrrhenian Sea has a triangular shape, and its northern vertex is located in the
proximity of the Elba Island. Starting from the northern tip of the triangle, the Ligurian-
Provenҫal Sea extends westwards. From the end of the 1960s and up to the entire decade
of the 1980s, the Tyrrhenian basin has been the subject of many scientific cruises (DSDP,
ODP, and various seismic explorations). Its formation started after the cessation of sea
floor spreading in the Ligurian–Provencal basin and, according to Malinverno and Rayan
and Faccenna et al. [4,10], it was due to rollback of the subducting Ionian lithosphere and
migration of the Calabrian Arc towards the southeast.

An E–W lineament extending from northern Sardinia to the Campania margin, known
as the 41st parallel line, is suggested to be a lithospheric left-lateral transform fault that
separates the Tyrrhenian Sea in two sectors [58]. The amount and directions of extension,
as well as crustal and lithospheric thicknesses, are different to the north of the line with
respect to the southern region (Figure 5).

Figure 5. Moho map showing difference of crustal thickness to the north and south of the 41◦ parallel
line. White dashed line is the 41◦parallel line, violet line is the Moho discontinuity. [59].

In the sector north of the 41st parallel line, the continental crust is 20–25 Km thick
and the lithosphere thickness is ~50–60 Km [60–62]. ODP site 654 [5] shows conglomerates
covered by Tortonian, Messinian, and Plio-Pleistocene deposits. Conversely, the southern
sector includes the Vavilov and Marsili basins, more than 3500 m deep, which have
thin crust (25–10 Km or less) and lithosphere (30–50 Km) [60–62]. The Vavilov basin is
characterized by a triangular shape, while the Marsili basin is almost squared. Both basins
show magnetic lineaments comparable with the structural lineaments and the geometric
shape of the basins (Figure 6).
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Figure 6. (a) Bathymetry [63] and (b) magnetic anomalies [64] for the Tyrrhenian basin. White lines show the grid of the rotation
pole for: Vavilov (VB) and Marsili (MB) basins. Both basins show magnetic anomalies comparable with the structural lineaments
and the geometric shape of the basins.

According to some authors [23,65–67], rifting processes in this sector started along
the Sardinia margin at ~10 Ma and then migrated eastward forming the Vavilov basin
first (at 5.5 Ma) and later the Marsili basin (2.0–1.8 Ma). Despite the remarkable extension,
the presence of oceanic crust is likely to be restricted within these two basins [1,68,69],
as testified by the ODP sites 651 and 650. The first one shows, from the top, a 388 m
thick Pliocene–Pleistocene succession (bio- zone MPL6/NN18, 2 Ma) above 39-m thick
succession of dolostones, lying on 29 m of highly serpentinized peridotites covered by a
134 m thick succession of basalts (lava flows and breccia). The second borehole displays,
starting from the bottom, 32 m of vesicular basalts followed by dolostones and a 602-m
thick succession of Plio-Pleistocene deposits (bio zone MPL6/NN18, 2.0 Ma) (Figure 7).

Despite the great commitment in the exploration of the Tyrrhenian basin, the start time
of the Tyrrhenian extension process is not well constrained. According to some authors [6,70],
the time of cessation of sea floor spreading in the Ligure–Provenҫal basin is 19 Ma. Conversely,
Speranza et al. [71] proposed that the rotation of the Sardinian-Corsican block ended at 15 Ma.
These ages are important because they put a constrain on the timing of roll-back for the
Adriatic slab. The end of sea-floor spreading in the Ligure–Provenҫal basin and the Algerian
basin was determined by Marani [68] on the basis of marine magnetic anomalies. The end
of rotation of the Sardinian–Corsica block can be also constrained by paleomagnetic data.
While Marani [68] confirmed the age obtained by the analysis of marine magnetic anomalies
(19 Ma) on the basis of a compilation of quality paleopoles, Gattacceca et al. [72] proposed a
younger age of 15 Ma on the basis of new paleomagnetic data and 40Ar/39Ar dating. For
the beginning of the Tyrrhenian extension, several authors used the ages of the stratigraphic
successions from wells and seismic correlations to suggest that it took place during the Middle
Tortonian times (~12 Ma) [5,66,73]. Therefore, the time elapsed between the end of the rotation
of the Sardinian–Corsican block and the beginning of the Tyrrhenian rift is not sufficiently
determined so far. However, it is important to note that the elapsed time between the onset of
Tyrrhenian rifting and the beginning of sedimentation in the basin depends on the speed of
extension in the rift and on the original thickness of the crust.
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Figure 7. (A) Index map of Italy and Vavilov basin and DSDP and ODP well sites (B) Stratigraphic logs
of the DSDP and ODP sites. (1) Pleistocene deposits; (2) Pliocene deposits; (3) dolostones; (4) basalts;
(5) Messinian deposits; (6) Tortonian deposits; (7) conglomerates; (8) breccias; (9) serpentinized
peridotites; after [69].

3. Methods

The fundamental tool for describing and measuring the deformation of the Earth’s
lithosphere, on a global scale, is the kinematics of tectonic plates. This allows to determine
the path between the initial and final position of a plate with respect to another through
the rotations of spherical caps about Eulerian poles [29,74] (Figure 8).

Plate kinematics has always encountered major obstacles in being used to represent
deformation processes at the scale of mountain ranges, continental rifts and trascurrent
boundaries, in the absence of magnetic isochrons. For this reason, palinspastic reconstruc-
tions along cross-sections at the macro-scale rely on the methods of structural geology.
Retro-deformation (or crustal balancing) methods are well-known tools for the analysis of
single transects, but are hardly applicable in complex areas characterized by the presence of
triple junctions or polyphase systems. In these situations, the techniques of plate kinematics
provide a convenient set of tools for describing the tectonic evolution and quantify the
deformation of complex areas. On the other hand, structural geology can contribute to
determine some fundamental parameters that must be specified to apply the plate kinemat-
ics approach, such as plate boundaries, kinematic indicators useful to determine rotation
poles, and angles of rotation. It is important to specify which kind of structural data can be
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used to constrain the kinematics of large tectonic blocks. For example, single slip vectors
observed along the Dead Sea fault zone cannot be used for determining the rotation pole
of a microplate like Sinai. In fact, due to the heterogeneity of the rocks, these data record
only strains generated by local stresses. We argue instead that the structural parameters
that can be useful for determining rotation poles must be observed on geological structures
at the same scale of the model that is being constructed.

Figure 8. Geometry of the instantaneous motion of a tectonic plate R. E is the Euler pole, N is the
North Pole. P is a representative point on R, whose instantaneous linear velocity is v. ω is the Euler
vector of R; from [29].

For example, normal faults associated with an active rift such as the Tyrrhenian Sea
represent a record that reflects the kinematics of extension. They exhibit sharp morpho-
structural lineaments, easily observable on high-resolution DTMs or multibeam bathymetry.
These features are generally devoid of “structural noise” generated by local paleo-stresses [75].
A shuttle radar topography mission (SRTM) image of the Tyrrhenian region shows lineaments
that can be grouped into fan-shaped sets characterizing specific sectors of the Tyrrhenian and
Apennine areas (Figure 9).

Thus, considering that these lineaments are expressions of several systems of normal
faults associated with the Tyrrhenian extension, we can determine a set of Euler poles
that describes the relative motion of different sectors of the Apennine chain. The classic
rules of plate kinematics allow to assign these Euler poles on the basis of an estimate of
the location of the convergence point of the observed lineaments [76]. All the Euler poles
identified using this method describe the opening of the Tyrrhenian Sea in a European
(Corsica–Sardinia) reference frame.
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Figure 9. Morpho-tectonic map of the Tyrrhenian–Apennine system showing lineaments that can be grouped into fan-
shaped sets characterizing specific sectors. Lineaments of the Northern Apennine sector are in (yellow; white lines) are
for northern Tyrrhenian basin and Central Apennine sector; (blue and pink lines) are for Calabrian and Southern sectors
respectively. The multibeam bathymetry is after [63]. The insert box shows the deformable blocks identified: (1) Northern
sector in (dark beige), (2) Central Sector in (green), (3) southern sector in (blue); (4) Calabrian Arc Sector in (pink). Dotted
areas are in extension; (white dotted) area is the extended Tyrrhenian area.

3.1. How to Identify Tectonic Elements in the Apennine Domain

Tectonic elements are semi-rigid crustal blocks, bounded by faults, which had an
independent kinematic history in the geologic past [77]. Every single block of the Apennine
area is characterized by boundaries that are divergent along the Tyrrhenian side and con-
vergent along the Adriatic–Ionian side. They result from rotations about fixed Euler poles
in the Corsica–Sardinia reference frame. The boundary between two adjacent blocks is
represented by structural systems, usually transversal to the chain, that are the expression
of continuously changing Euler poles in the same reference frame. The faults associated
with the Tyrrhenian side boundaries represent eastward migrating fan-shaped extensional
systems. On the Adriatic side, the frontal segments of the Apennine chain represent the
eastern boundaries of the tectonic elements. On the basis of the lineaments identified for
the Tyrrhenian area, we defined the deformable blocks shown in Figure 9, which extend
along the Tyrrhenian side and grow by accretion along the Adriatic margin. Boundaries
between adjacent blocks are not easily identified, because the Euler pole of relative motion
is always changing and depends on the ratio of angular velocities (in the Sardinia–Corsica
reference system) between pairs of tectonic elements. Boundaries with extensional kine-
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matics produce systems of faults that break the continuity of the chain, forming transversal
basins that are simultaneously included in the Apennine orogenic system and TTR-like
and FTR-like triple junctions (Figure 10). Boundaries with strike-slip kinematics produce
more complex structures and can form pull-apart basins or depressions. In some cases,
for example the Ancona–Anzio line (Figure 4), the boundary can have compressive or
transpressive kinematics. On the Tyrrhenian side, RRR-like triple junctions form at the
intersection of rift axes (Figure 10).

Figure 10. Scheme showing TTR-like (Trench-Trench-Ridge) and FTR-like (Fault-Trench-Ridge) triple
junctions of the Apennine and RRR-like (Ridge-Ridge-Ridge) triple junction of the Tyrrhenian side.
AD: Adria, CA: Central Apennine, EU: Europe, NA: North Apennine, T = Trench, R = Ridge, F: Fault;
(yellow dot) is the TTR-like triple junction; (green dot) is the RRR-like triple junction, (blue dot) is
the FTR triple junction.

The blocks identified in this way are highly deformable and it is not possible to identify
any portion inside them that can be considered rigid. In general, the eastward migrating
extensional axes overlap with some delay to the compressional structures, determining
their collapse. Conversely, in global tectonics the deformed areas along plate margins
represent bands with negligible surface compared to that of the entire rigid lithospheric
plate. Therefore, the tectonic elements considered here behave like portions of large plate
margins devoid of their rigid counterpart. However, considering the scale of the tectonic
reconstructions, the internal deformation of the tectonic elements is not relevant, in our
opinion, for the application of the method. The boundaries of the Apennine blocks cannot
therefore be considered fixed over time. We can say that tectonic elements do not represent
rigid polygons but are characterized by the rotation pole about which the lines and points
contained in them rotate.

3.2. How to Determine Rotation Poles of Apennine Blocks

The stage poles between conjugate oceanic plates are determined building magnetic
isochrons [29]. In continental tectonics, where magnetic lineaments are not available, the
rotation pole between two divergent plates is generally determined qualitatively trac-
ing central meridians of at least two parallels passing from conjugate points on the two
undeformed margins [76]. Then, the Euler pole is the central point of a cloud of inter-
section points between meridians. Unfortunately, this method cannot be applied to the
Tyrrhenian area, as it is not possible to recognize conjugate points belonging to the mar-
gins of Corsica–Sardinia and the Apennine domain, while there are no clear magnetic
lineaments in the Tyrrhenian Sea. Therefore, the finite poles of rotation of the Apennine
blocks can only be estimated by taking intersections of great circle arcs associated with
morpho-structural lineaments of the Tyrrhenian rift. Finally, specialized software for plate
kinematics (e.g., PCME-Paleo Continental Map Editor [78] or GPlates [79]) can be used
to build Euler pole grids that show parallels and meridians about every single rotation
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pole. Parallel circles represent flow lines of relative motion, while meridians represent
the trend of extensional structures. These grids can be superimposed on the observed
morpho-structures to assess the correctness of the Euler poles.

3.3. How to Determine an Angle of Finite Rotation and the Start and End Times of Rotation

The angle of rotation about a Euler pole is a function of finite strain and can be
determined through crustal balancing of transects along flow lines of relative motion,
granted that an estimate of the initial thickness is available. The technique is described
in [29] and can be easily applied to the restoration of rifted continental margins and the
reconstruction of pre-rift configurations. In the case of migrating mountain belts, the angle
of rotation does not need to be determined through crustal balancing, because it can be
observed directly measuring the angular distance between the present day location of a
point along the thrust front and a homologous point along the estimated location of the
thrust at an earlier age. Two points along the thrust front at different ages are considered
homologous when the more recent point can be obtained rotating the older one about the
Euler pole. In this instance, crustal balancing can be applied a posteriori to obtain the initial
thickness of the chain. For example, we estimated an initial thickness of ~42 km for the
central Apennine chain through the crustal balancing procedure illustrated in Figure 11. We
considered a reference point in the Sardinian–Corsican block (blue point FPL in Figure 11),
which was considered at the western end of the extensional area, and a homologous point
along the Sibillini mountains (red point ML00 in Figure 11), representative of the eastern
end the rift. The angular distance between these two points is 13◦, corresponding to 180 km
along the small circle arc linking the two points. The crustal balancing procedure was
performed using the Moho depths of [59] (Figure 5), which have an uncertainty of 2–4 km
in this area.

Figure 11. Crustal balancing technique for the Central Apennine. FPL: Fixed Pin Line (Blue); ML19: Mobile Line (Red),
corresponding to the eastern extensional margin at 19 Ma; ML00: Mobile Line, corresponding to the active extensional margin.
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To determine the velocity vectors, it is also necessary to know the timing of defor-
mation. This parameter can be estimated by the analysis of stratigraphic successions that
record the syn-rift tectonic activity. There is a wide array of literature for the Tyrrhe-
nian basin with data deriving from well stratigraphy, seismic surveys, and dredging (see
Figure 7) [1,67,80–82]. Furthermore, there are many other data on successions of the Apen-
nine and foredeep basins that have recorded the time of tectonic activity of the chain [39,83].

3.4. Apennine Chain and Tyrrhenian Sea Sectors

We distinguished six groups of homogeneous structural systems, which characterize
chain sectors. From north to south, they are: (1) Northern Apennine; (2) Umbria–Marche
Apennine Arc; (3) Southern Apennine; (4) Calabrian Arc; (5) Sicilian Chain [27].

3.4.1. The Northern Sector

The Northern sector extends north of Elba Island and includes eastern Ligurian Sea,
Northern Apennine and the area of the Tuscan rift. We consider the Northern Apennine as
the northern limb of the Umbria–Marche Apennine Arc, running from the Sestri–Voltaggio
line to the Gabicce alignment (Figure 4) and formed by chaotic sediments deriving from
oceanic covers and boudins-like structures of Liguride ophiolites and their thick terrigenous
top-wedge successions. The chain front of this sector is buried under Po river valley
sediments. In the Corsica basin, syn-rift sediments are aged between Messinian and
Oligocene [1,82,83]. The rift area is also characterized by the well-known Tyrrhenian-
Tuscan magmatism; the age of the magmatism grows from east to west. From the structural
point of view, this sector shows a fan of lineaments converging towards NW. The resulting
Euler pole is located at 45.45◦ N, 8.40◦ E (Figure 12).

Figure 12. Morpho-structural lineaments of the northern Apennine and Euler pole of relative motion
with respect to Sardinia-Corsica (red dot). The Euler pole grid shows the goodness of fit between
kinematic model and geological structures. Some basins associated with the Tyrrhenian extension
are also shown. Mio-Pliocene basins are in (light gray), Plio-Pleistocene basins are in (dark gray).
(1) Viareggio basin, (2) Volterra basin, (3) Elsa basin, (4) Siena basin, (5) Firenze basin, (6) Mugello basin,
(7) Valdarno basin, (8) Casentino basin.
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3.4.2. Central Sector

The Central Sector extends from Elba Island to the 41◦ parallel and includes the
northern Tyrrhenian Sea, the Umbria–Marche-Abruzzi Apennine Arc and the areas of
Umbria-Lazio and Southern Tuscan rifts. The Umbria–Marche Apennine Arc is located
between the Gabicce alignment (Figure 4) and the Ancona–Anzio line and is composed
of deposits from the Adriatic margin (the well-known Umbria–Marche succession). The
Umbria-Marche succession consists of Jurassic-Middle Miocene basinal sediments. The
eastern part of the arc is the Ancona-Anzio line during the first phase of evolution and lately
the Maiella front, also called “Ortona-Roccamonfina line” [34,51,84] (Figure 4). Between the
two lines there is a thick Mesozoic carbonatic platform succession known as Lazio–Abruzzi
platform. Tyrrhenian rift structures in this sector form lineaments converging toward north
(Lat. 48.9◦; Long. 10.4◦; Figure 13). The Lazio margin of this sector is also affected by a
Pleistocene–Oligocene volcanism.

Figure 13. Morpho-structural lineaments of the central Apennine and Euler pole grid of relative
motion with respect to Sardinia-Corsica. The Euler pole grid shows the goodness of fit between
kinematic model and geological structures. The Euler pole has coordinates: 48.9◦−10.4◦.

The interaction between the northern and central sectors is responsible for the forma-
tion of transversal lineaments (orthogonal features) that created rectangular basins and
depressions (chocolate bar), e.g., the Trasimeno Lake [85] (Figure 14).

3.4.3. Southern Sector

The southern sector runs from south of the 41◦ parallel to the Sangineto line (northern
Calabria) and includes Vavilov basin and the entire Southern Apennine. The Southern
Apennine is composed, from the bottom to the top, of Middle Triassic—Lower Cretaceous
Lagonegro units and of carbonatic Upper Triassic—Eocene Panormide units. In some places,
the Panormide units are overlapped by ophiolites and oceanic sediments of the Liguride
basin, covered by lower Miocene top-wedge sediments [86,87]. On the external chain
front, at the boundary with the Central sector, there is a minor arc known as “Molise arc”,
extended from the Maiella front to the Vulture volcano. It is made of Jurassic-Cretaceous
pelagic successions and of carbonatic platforms, overlapped by Mio-Pliocene chaotic and
top-wedge successions [50]. Structures of the Tyrrhenian rift of this sector form a fan of
lineaments that draw the triangular shape of the Vavilov basin, whose vertex is located at
41.23◦ N, 13.01◦ E ( Figures 9 and 15).
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Figure 14. (a) Interaction between northern (yellow grid) and central (white grid) sectors. Red arrows are velocity vectors
of the relative motion between the two sectors. E: Europe, NA: Northern Apennine, CA: Central Apennine. (b) Comparison
between morpho-structures and the Stage pole grid valid from 5 Ma to present, between Northern Apennine and Central
Apennine sectors. T: Trasimeno Lake, M-A Fm: Marnoso-Arenacea Formation. The Euler pole has coordinates: 38.95◦−5.61◦.

Figure 15. Morpho-structural lineaments of the southern sector and Euler pole of relative motion
with respect to Corsica (red dot). The Euler pole grid shows the goodness of fit between kinematic
model and geological structures.

The interaction between the southern and central sectors is responsible for the for-
mation of transversal lineaments (ex. Gran Sasso front, Ancona–Anzio line) and basins
(Laga basin) (Figure 16a). The southern sector is also characterized by complex extensional
structures expressed by transverse features that cut, on the Apennine margin, the fan of the
Vavilov basin. The transverse structures are the result of the interaction with the Calabrian
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arc sector and form basins and depressions since the Pleistocene. Some of these contain con-
siderable thicknesses of sediment (ex. Sant’Arcangelo basin) [88,89] (and reference therein)
(Figure 16b). The southern sector also shows a strong magmatism, both on the Tyrrhenian
portion and on the Campania margin. A volcano located in the Apulian foredeep of the
chain (Mount Vulture) belongs to this sector.

Figure 16. Comparison between morpho-structures and the Stage pole grid valid from 5 Ma to present, between: (a) Central
Apennine and southern sectors. The Euler pole has coordinates: 40.48◦−13.52◦ (b) southern and Calabrian arc sectors.
The Euler pole has coordinates: 38.43◦−12.80◦. a: Catanzaro trough, b: Sibari basin, c: Paola basin, d: Crotone basin, e:
Crati valley, f: Sant’ Arcangelo basin. Red and white arrows are velocity vectors of the relative motion between sectors.
AA: Ancona-Anzio line, CA: Central Apennine, CAL: Calabrian Arc, E: Europe, LB: Laga Basin, GS: Gran Sasso front, SA:
Southern Apennine.

3.4.4. Calabrian Arc Sector

The Calabrian Arc sector is bordered to the north by the Sangineto line and to the south
by the Taormina line and includes the southern Tyrrhenian Sea (Marsili Basin). Structural
lineaments converge towards SW. The Calabrian Arc includes the Coastal Chain, the Sila
Massif, Le Serre, Aspromonte and Paleoritani mountains in Sicily. This segment of the
chain is an accretion wedge formed, from bottom to top, by: Apennine carbonatic units,
ophiolites (Liguride units), units consisting of low-grade metamorphic rocks with high-
grade rocks on top, derived from continental crust with local flaps of Upper Trias–Upper
Cretaceous sedimentary deposits. The Tyrrhenian extensional structures are represented
by the lineaments that characterize the Marsili basin, the southern Calabria and the Strait
of Messina. These lineaments form a mild fan with vertex towards SW (Lat. 21.85◦; Long.
6.28◦; Figure 17), which can be superimposed to the magnetic lineaments of the Marsili
basin (Figure 6b). The Calabrian arc is also characterized by important transverse features
that express extensional structures, essentially present in Northern Calabria. The most
evident have generated the Catanzaro trough, the Sibari basin and also the Paola basin, the
Crotonese Basin, and the Crati Valley, which are delimited by structures transversal to the
arc and by high-angle N-S trending structures (Figure 16b).
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Figure 17. Morpho-structural lineaments of the southern Tyrrhenian and Euler pole grid of relative
motion with respect to Sardinia-Corsica (red dot). The Euler pole grid shows the goodness of fit
between kinematic model and geological structures. The Euler pole has coordinates: 21.85◦ 6.28◦.

3.4.5. Sicilian Sector

The Sicilian sector is represented by the chain located west of the Taormina line. It
is made up of Meso-Cenozoic basin and carbonate platform deposits, belonging to the
African margin, overlapped by: sediments of the Middle Triassic-Jurassic/Cretaceous
Imerese basin, sediments belonging to the Late Triassic-Eocene Panormide carbonatic
platform, and Sicilidi Units covered by Oligo-Miocene sediments [90–93].

The Sicilian chain, with southern vergence is sharply divided in a northern internal
sector and a southern external one by a long E-W trending lineament, known as “Monte
Kumeta- Alcantara fault”. This is considered a high-angle strike-slip structure with right-
lateral kinematics [94]. The internal sector includes Nebrodi Mounts, Madonie and Palermo
Mounts. The external sector includes Trapanese and Saccense Units, covered by sediments
that filled the great depression of the Caltanissetta basin that ends south on the Gela
foredeep. On the west side the foredeep is sharply interrupted in the proximity of Sciacca
Mounts. To the East it passes through the Ragusa foreland and ends to the Etna Mount. The
Caltanissetta basin is filled by thick Messinian and Pliocene successions and is highlighted
by a strong gravimetric anomaly. This evidence suggests the presence of extensional
structures that delimited the basin to the West and East [92].

The Sicilian sector, despite the Apennine sectors that show very visible and clear
Tyrrhenian extensional structures, is characterized by complex structures. The Tyrrhe-
nian offshore includes post-Messinian basins interposed between the Elimi chain and the
Sicilian northern margin. The chain, E-W oriented, ends to the East with Ustica Island,
where volcanic islands (Alicudi, Filicudi, Salina) mark the continuation of the lineament
towards the East (Figure 4). Morpho-structures along the chain show characteristics similar
to transpressive structures. Seismic profiles [92] and compressive earthquakes confirm
this hypothesis. Therefore, the Tyrrhenian margin of Sicily, unlike the Apennine one, is
characterized by a second phase with transpressive kinematics. To the south, the boundary
with the Africa plate coincides with the Sicily channel, characterized by right transcurrent
structures [95,96]. The two features delimiting Sicily converge towards west. Considering
the dextral kinematic in the Sicily channel, is possible to deduce that the entire Sicily, com-
pressed between Africa and Europa plates, is extruded towards East. The eastern side of
the triangle forms the third boundary of the Sicily micro-plate. This boundary is divided in
two segments: north of the Etna Mount the boundary is between Sicily and Calabrian Arc,
to the south instead the boundary is between Sicily and African plate and is represented
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by the Malta escarpment. Along the Malta escarpment, the Ionian slab starts to break [28],
interrupting the continuity between Sicilian and Ionian lithosphere. The complexity and
the numerous implications of this process deserve to be dealt in a separate paper.

3.4.6. Rotation Model

The tectonic reconstructions proposed here can be considered as a refinement of the
regional kinematic model of the western Tethys proposed by [18,19,27,28]. They were made
using an interactive computer software for plate kinematic modelling [78]. This software
allows to create and maintain data sets of plate boundaries and relative plate positions, and
to test the predicted plate motions through the generation of velocity fields and inferred
tectonic structures.

As explained above, the classic techniques of rigid plate kinematics are not applicable
in the Tyrrhenian–Apennine area. To release the block rigidity constraint, we did not use
polygons to represent the different Apennine blocks. The classic polygons were replaced by
linear elements that allowed to implicitly define areas with changing geometry. Therefore,
each sector in the rotational model includes two separate objects that rotate about the same
pole but with different angles of rotation. The western side of a block rotates with a velocity
defined by the local amount of Tyrrhenian extension, while the eastern side of the arc front
rotates by a higher angle that represents the accretion rate of the corresponding sector.
Euler poles for the Apennine sectors are shown in Figure 18 and can be found in Table 1.

Figure 18. Morpho-tectonic map and multibeam bathymetry of the Tyrrhenian–Apennine system,
showing extension directions in the Tyrrhenian Basin. (White and pink lines) show extension started
respectively 19 Ma and 7 Ma. (Red points) are Euler poles. (Red arrows) indicate the Euler poles out
of the figure, coordinates of these poles are shown. Real angle of rotation is shown for each pole.
Modified after [27]. The multibeam bathymetry is after [63].
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Table 1. Finite reconstruction parameters, from [27].

NAME PLATE ID TIME [Ma] LAT [deg] LON [deg] ANG [deg] REF. ID

Northern Sector Rear 384 19 45.45 8.40 −20 301(Europe)

North. Sect. Front 387 19 45.45 8.40 −38 301

Central Sector Rear 360 19 48.90 10.40 −13 301

Cent. Sect. Front 357 19 48.90 10.40 −18 301

Southern Sector Rear 383 7 41.23 13.01 −45.00 301

South. Sect. Front 390 7 41.23 13.01 −54 301

Calabrian Arc Rear 381 1 21.85 6.28 +0.46 301

Calabrian Arc Rear 381 7 21.85 6.28 +7.0 301

Calabrian Arc Rear 381 19 21.85 6.28 +12.00 301

Calab. Arc Front 388 1 21.85 6.28 +0.507 301

Calab. Arc Front 388 7 21.85 6.28 +8.75 301

Calab. Arc Front 388 19 21.85 6.28 +15 301

Sicilian Sector 394 2 0.00 0.00 +0.00 301

Sicilian Sector 394 2 −21.85 −173.72 1.55 381

Sicilian Sector 394 4 −16.43 −169.662 2.523 381

Sicilian Sector 394 7 49.408 33.075 1.398 381

Sicilian Sector 394 12 60.813 136.123 +0.773 381

The construction of the rotation model of Table 1 (rotation model.rot in Supplemen-
tary Material) was performed as follows. Although the Euler poles associated with each
tectonic stage could be determined by fitting the observed morpho-structures, we did not
know a priori the corresponding angles with the exception of the rotation angle of the
central Apennine with respect to Sardinia-Corsica. Therefore, we first determined the ratios
between the stage angles fitting the predicted relative motion between adjacent sectors to
the observed geologic structures.

Therefore, with the exception of the central sector, the rotation angles of the other tectonic
elements forming the Apennine chain were determined considering the velocity ratios between
adjacent blocks, which control the kinematics and the trend of the structural associations that
characterize the boundaries. In practice, we chose the rotation angles in such a way that the
resulting velocity ratios were compatible with the observed geological structures along the
boundaries. Figures 19 and 20 summarize the timing of deformation and amount of extension
on the basis of the available literature and the proposed kinematic model.

Figure 19. Estimated extension and timing along representative small circle arcs about the Euler poles of
sectors 1–5 with respect to Sardinia-Corsica. Brown line (1): Northern sector, dark green line (2): Central
sector, blue line (3): Southern sector, pink line (4): Calabrian arc sector, light green line (5): Sicilian sector.
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Figure 20. Estimated total shortening/extension and timing between adjacent sectors of Figure 19.

4. Results: Kinematic Evolution of the Tyrrhenian–Apennine System

4.1. How the Apennine Chain Evolves

The process of evolution of the Apennine Chain is originated by two big tectonic events:
the rotation of the Sardinian–Corsican block and the formation of the Tyrrhenian basin.

4.1.1. First Apennine Event

According to [18,70], the first phase of the Apennine evolution (33–19 Ma) generated
a long left-lateral transpression along the boundary between the Adriatic Plate and the
Sardinian-Corsican block. This transpression, with a major trascurrent component, drove
apart the Western Alpine Arc and the Calabrian–Kabylide Arc, which aligned with opposite
vergence when the rotation started (Figure 3).

At the end of this phase the transpressive structure reached its maximum length [18].
The tectonic mélange that resulted from the deformation of the accretion wedges of the
two arcs, locally covered by top-wedge successions (external Liguride flysch), was the
proto-Apennine Chain (Figure 3). Rocks belonging to this proto-chain outcrop in the
actual Apennine chain along the Tyrrhenian margin from Liguria to northern Calabria
(Falda Toscana, Apuane Alps, Argentario, Zannone island, and Cetraro and Verbicaro
Units in Calabria). During this phase Adria was migrating toward NNW, while its slab
was sinking into the upper mantle. As a consequence, at the end of the rotation phase the
Adriatic slab was juxtaposed to the Corsica block, together with the deep portions of the
Calabrian accretion wedge. The upper portion of the Calabrian wedge was still attached to
the Calabrian arc.

On the southern side, the rotation phase of the Sardinian–Corsican block produced a
huge stretch that was thinning the Calabrian–Kabylides Arc in its central portion. Moreover,
considering the huge amount of volcanic sediments present in the internal Apennine
flysch and external Ligurids successions [97], we suppose that during the rotation of the
Sardinian–Corsican block a second volcanic arc was forming due to the slab of Adriatic
Plate. This arc was located on the eastern side of the block attached to the first embryo of
the Apennine chain.

4.1.2. Second Apennine Event

We describe below the Tyrrhenian phase that results from the implications of the
kinematic model described above. According to this model, this phase starts at the end
of the Sardinia-Corsica block rotation, with an eastward jump of the axis of extension in
the future Tyrrhenian area (Figure 21 and Plate 1). The beginning time of the Tyrrhenian
rifting process is not well-constrained. The oldest stratigraphic record, made up of marine
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sediments in the western Tyrrhenian margin, is middle Tortonian in age [67,73] (and
reference therein). Thus, the onset of rifting could be a few million years older. We assume
the ending age of the Sardinia–Corsica block rotation (19 Ma) [70] as the starting age of
the rifting phase, although early Burdigalian sediments can be found in the Corsica Basin,
thereby a basin already existed at that time to the east of Corsica. In our interpretation, the
sediments associated with the N6 biozone (18 Ma) represent the first syn-rift deposits in
the Corsica basin [82], unconformably placed on older wedge-top basin sediments of the
left-lateral transcurrent structure separating Corsica from Adria. However, it is important
to note that the uncertainty about the starting age of Tyrrhenian extension does not affect
the rotation model proposed here, because the structuring of the Apennine chain depends
on the rotation speed ratios between the kinematic elements of the puzzle and not on their
absolute speeds.

Figure 21. Plate reconstruction of the western Mediterranean region at 18 Ma. The distribution of the
continental lithosphere is shown in (gray). Present-day coastlines are shown for reference. Strike–slip
faults are shown in (yellow). (Green line) is an E-W directed strike-slip structure that separated
Adria from Apulia from the late Cretaceous to the Eocene. (Red) lines are divergent boundaries,
red lines with triangles are convergent boundaries. A: northern Apennine arc, B: central Apennine
arc, C: northern Calabrian arc, D: southern Calabrian arc. The Northern Sector (1) is shown in (dark

beige); the Central Sector (2) is in (green); the Calabrian Arc Sector (4) is in (pink). (Light brown

dotted) area is the extended area.

The Tyrrhenian rifting presumably started behind the existing Apennine Chain, fol-
lowing the trend of the eastern volcanic arc (Figure 3). In the first phase of rifting, the
Sardinia-Corsica margin necessarily underwent an important uplift, which inevitably
caused strong erosion and further disruption of the volcanic chain already dismembered by
the rifting. The Tyrrhenian extension also determined a separation between the Apennine
chain and the Calabrian arc, which moved about different Euler poles with respect to the
Sardinia-Corsica block. During this phase, the front of the Apennine Chain is no longer
a transpressive structure, but acquires the character of an accretionary wedge. The sub-
ducting slab was made up of Adriatic lithosphere, probably teared along an E-W directed
strike-slip structure that separated Adria from Apulia from the late Cretaceous to the
Eocene [19] (Figure 21).

Later, the slab-retreat process produced important changes in the evolution of the
Apennine chain and of the Tyrrhenian basin. We attribute these changes to new lithospheric
tears that formed within the Ionian and Adriatic slabs. We can distinguish four phases
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for the evolution of the Apennine–Tyrrhenian system: (1) Beginning of rifting and chain
segmentation (19–12 Ma); (2) Separation of the Sicilian sector (12–7 Ma); (3) Vavilov basin
formation (7–3 Ma); and (4) Marsili basin formation (3–0 Ma).

4.2. Phases of the Evolution
4.2.1. Phase 1. Start of Rifting (19–12 Ma)

The Tyrrhenian rift ends in the north against the left-lateral transform fault that links
the Apennine chain from the Western Alps (Figure 21). To the south, the rift ends with the
right-lateral strike-slip fault that separates the Calabrian arc from Kabylides (Figure 21). At
the end of this first phase, the rifting process did not form important marine basins. Only
on the Corsica side of the northern Tyrrhenian some marine successions can be attributed
to this phase [82]. However, there are no known successions related to this phase in the
southern Tyrrhenian area. As mentioned above, during this phase the Apennine chain was
made of two arcs separated by a wide extension area that hosted the Sannite basin. The
successions of this basin, described by Patacca & Scandone [50], form the actual Molise
Arc. The model implies that the basin in this phase is located on the lithospheric flexure,
generated by the tear fault between the two main slabs, which increased its subsidence
(Figure 22 and Plate 1).

Figure 22. Plate reconstruction of the western Mediterranean region at 12 Ma. The Northern Sector
(1) is shown in (dark beige); the Central Sector (2) is in (green); the Calabrian Arc Sector (4) is
in (pink), the Sicilian Sector in light (green) (5). Dotted areas are in extension (see upper right
legend). Dashed lines are incipient boundaries. (Red lines) are active boundaries. (Black lines)
are inactive boundaries. (Yellow lines) are strike-slip faults. (Light blue lines) are transfer faults
on the continental lithosphere and (light blue dotted lines) are the Jurassic COB (Continent Ocean
Boundary). (Dark blue lines) are the Middle-Triassic COB. (Yellow arrows) indicate direction of
extension. S: Sicily, SCB: Sardinian-Corsican block, SG: Squillace Gulf, SnB: Sannio basin.

Apennine Arc

During the first phase the arc was delimited to the north by a strike-slip fault that
drove it apart from the Western Alpine arc. The fault was generated by the STEP fault of the
Adriatic slab that at the same time formed an important eastward-migrating lithospheric
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flexure with NW-SE trend (Figure 23), visible today in the Po river Valley. Along the
flexure, an important left-lateral transpression was forming the northern Apennine sector.
Geometries of the buried north Apennine structures that characterize the Po river valley are
the expression of this complex process. At the beginning of the rifting, the Apennine chain
was further divided in two sectors: a northern Apennine arc (A) and a central Apennine
arc (B) (Figure 21), separated in transverse direction by the extensional area covered by
the Marnoso–Arenacea fm [98] (Figure 16b). The central sector of the Apennine chain is
associated with the Adriatic slab-retreat, accompanied by the deformation of the Umbria–
Marche succession, which in this phase includes the Lazio–Abruzzi platform. Probably the
transversal basins that segmented the Apennine chain were fed by sediment coming from
the Liguride units, that is, units of the previous top-wedges that covered the early Apennine
chain. The part of the chain affected by this process today separates the two sectors of
the Apennine arc and coincides essentially with the area where the Marnoso–Arenacea
formation is exposed.

Figure 23. Proposed Ligurian-Ionian slab geometric reconstruction. The kinematic sectors are numbered from 1 to 5. (Black

dotted lines) are tear faults. (Yellow dot) is active tip point of STEP fault (white dot is paleo-tip point). (Triangles) are
volcanoes. The entire slabs length is not represented. Green arrows are the velocity vectors between Adria and the adjacent
sector; modified after [28].

Calabrian Arc

The Calabrian arc is divided in two sectors: north Calabria (C) and south Calabria–
Peloritani mounts (D), divided by the Catanzaro Trough (Figure 21). The transversal
extension between these two sectors is recorded by late Tortonian successions in the Gulf
of Squillace [73] (Figure 22). To the west, the Calabrian arc is separated by Kabylies by a
large right-lateral transtensional fault that thinned the chain and delimited the Tyrrhenian
rift to SW. After the subduction of the last remnant of Liguride ocean, the Calabrian wedge
thrusted onto the Panormide and Imerese domains, incorporating them in the accretionary
wedge. During this phase the trench of the Calabrian arc still provided an access path to
the Numidian sands, which continue to fill the entire trench.

4.2.2. Phase 2. Sicilian Sector Separation (12–7 Ma)

The second phase of Tyrrhenian extension is marked by the separation of the Western
Sicily chain from the Calabrian arc. The separation takes place along a right-lateral strike-
slip fault that transfers the extension between Calabrian Arc and Kabylies further to the
East, in the Gela foredeep. Such large transform structure that cuts the Sicilian upper plate
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is known as the Monte Kumeta–Alcantara fault. It separates the Sicilian Internal Chain
from the External one [90]. The western Tethys reconstructions proposed in our earlier
works (e.g., [19]) imply the existence of a STEP fault along the northern margin of Sicily
until the Tortonian, where Ionian lithosphere was cut away from the African margin. Here,
we propose that main feature of phase 2 of Tyrrhenian extension is related to the activity
of this STEP fault. The associated flexure of African lithosphere determined a southward
migration of the External Sicilian chain. The external chain migrated southwards, while the
Internal chain continued to migrate toward SE together with the Calabrian Arc (Figure 24
and Plate 1). The differential motion between these two sectors formed the Monte Kumeta-
Alcantara fault and caused a large E-W extension in the External Chain. In the section of
the chain corresponding to the Gela foredeep, the decrease in thickness associated with
the lithospheric flexure of the African plate was not compensated by the thrusting of
the External Chain, thus generating a strong tectonic subsidence that started to form the
Caltanissetta Basin (Figure 25). The kinematic relations in the other sectors of the Chain
and Tyrrhenian Rift remain unchanged in this phase. The Apennine trench passed the
Carbonatic platforms and Calabrian trench reached the Ionian–Lagonegrese basin.

Figure 24. Plate reconstruction of the western Mediterranean region at 7 Ma. The Northern Sector (1)
is shown in (dark beige); the Central Sector (2) is in (green); the Southern Sector (3) is in (light blue);
the Calabrian Arc Sector (4) is in (pink), the Sicilian Sector in (light green) (5). (Dotted areas) are in
extension (see upper right legend). (Dotted lines) are incipient boundaries. (Red lines) are active
boundaries. (Black lines) are inactive boundaries. (Yellow lines) are strike-slip faults. (Light blue

lines) are transfer faults on the continental lithosphere. (Dark blue lines) are the Middle-Triassic
COB. (Red arrows) are the velocity vectors between Adria and the adjacent sector. CB, Caltanissetta
Basin; S: Sicily, SCB: Sardinian-Corsican block.
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Figure 25. Schematic tectonic evolution of the Caltanissetta Basin. (Red arrows) show the direction
of extension.

4.2.3. Phase 3. Vavilov Basin Formation (7–3 Ma)

Phase 3 of Tyrrhenian extension was characterized by the formation of the Vavilov
basin, which records major changes in the Ionian slab-retreat process. At the beginning
of this phase, the entire Imerese Basin and the promontory of the Panormide Carbonatic
Platform were accreted to the Calabrian Arc accretionary wedge and the trench entered the
narrow Ionian–Lagonegrese ocean corridor (Figure 24). The kinematic model proposed
here implies the tearing of the Ionian slab along the Apulian continental margin through a
STEP fault, while the eastward propagation of the 41st parallel STEP fault slowed down.
On the Sicilian margin, the Ionian tear fault propagated following the continental margin
and assumed a different strike. Consequently, during this phase, the units of the Lagonegro
basin were also accreted to the SE migrating Calabrian wedge.

Figure 23 illustrates a possible present day 3D reconstruction of the Ionian slab and
Apulian lithospheric flexure, based on kinematic considerations and seismic tomogra-
phy [99–101]. This configuration suggests that during phase 2 the flexure of the Apulian
lithosphere induced a rotation of the future southern Apennine domain determining the
opening of the Vavilov Basin (Figures 26 and 27, Plate 1). The particular geometry of the
three slabs shown in Figure 23 [28], whose flexure lines retreat rotating about different poles,
gives the new nascent sector a striking rotation that is recorded by the simultaneous forma-
tion of the Vavilov Basin. Consequently, the Southern Apennine Sector rotated around a
very close pole, located at the northern tip of the Vavilov Basin. At this stage, the Southern
Apennine sector includes the Lazio–Abruzzi platform, separated from the Apennine Arc
by the Ancona–Anzio Line. On the southern side, the boundary with the Calabrian Arc
consists of an articulated low-angle fault that exhumes the Southern Apennines.

24



Geosciences 2021, 11, 177

Figure 26. Plate reconstruction of the western Mediterranean region at 5 Ma. The Northern Sector
(1) is shown in (dark beige); the Central Sector (2) is in (green); the Southern Sector (3) is in (light

blue); the Calabrian Arc Sector (4) is in (pink), the Sicilian Sector in (light green) (5). (Dotted areas)
are in extension (see upper right legend). (Red lines) are active boundaries. (Black lines) are inactive
boundaries. (Yellow lines) are strike-slip faults. (Light blue lines) are transfer faults on the continental
lithosphere. (Dark blue lines) are the Middle-Triassic COB. (Red arrows) are the velocity vectors
between Adria and the adjacent sector. AA: Ancona-Anzio line; CB: Caltanissetta Basin; GS: Gran Sasso
Front; LB: Laga Basin; MF: Montagna dei Fiori, SCB: Sardinian-Corsican block; V: Vavilov basin.

Figure 27. Plate reconstruction of the western Mediterranean region at 3 Ma. The Northern Sector (1) is
shown in (dark beige); the Central Sector (2) is in (green); the Southern Sector (3) is in (light blue); the
Calabrian Arc Sector (4) is in (pink), the Sicilian Sector in (light green) (5). (Dashed lines) are incipient
boundaries (Dotted areas) are in extension (see upper right legend). (Red lines) are active boundaries.
(Black lines) are inactive boundaries. (Yellow lines) are strike-slip faults. (Light blue lines) are transfer
faults on the continental lithosphere. (Dark blue lines) are the Middle-Triassic COB. (Green arrows) are
the velocity vectors between Adria and the adjacent sector. A-A: Ancona-Anzio line; CB: Caltanissetta
Basin, GS: Gran Sasso Front; LB: Laga Basin; MA: Maiella Front; MF: Montagna dei Fiori; S: Sicily; SCB:
Sardinian-Corsican block, TL: Taormina Line.
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Vavilov Basin

The Phase 3 marks the beginning of the differentiation of the Tyrrhenian basin in two
areas, roughly separated by the 41st parallel lineament [58]. As mentioned above, the
formation of the Vavilov Basin, located south of the lineament, arises from the rotation of
the Southern Apennine Sector. The extension begins on the eastern margin and propagates
with the rotation, significantly increasing the extension of the Southern Tyrrhenian Sea. The
abyssal plain, more than 3500 m deep, probably made up of exhumed mantle or oceanic
crust, is covered by limited thicknesses of Pliocene sediments [5]. Therefore, the abyssal
area of the basin began to form in post-Messinian age. The Vavilov basin, with its triangular
shape and the fan of extensional structures placed on the Apennine margin, provides
the best kinematic record of the rotation of the Southern Apennine Sector. The magnetic
features of the abyssal plain, on the other hand, appear less clear (Figure 6a).

Ancona-Anzio Line

The kinematics of the Ancona-Anzio line, which represents the boundary between the
Umbria-Marche Apennine and the Lazio–Abruzzi Platform, was the facies line between
the Carbonate Platform and Basin during the Mesozoic. The role of this structure has
been much debated [102–104]. The Southern Apennine Sector represents, according to
our rotation model, a portion of the upper plate placed above three slabs. This boundary
assumes an important kinematic role for the evolution of the Apennine Arc. The rotation of
the two sectors around different poles generates a right-lateral transpression that cuts the
Adriatic front of the chain, forming a triple junction between three transpressive trenches
(Figures 22 and 23). The northern section of the trench forms the northern segment of the
Ancona-Anzio line and coincides with the front of the Sibillini Mountains with eastern
vergence. It represents the boundary between Adria and the Central Sector of the Apennine
arc. The southern section of the line represents the boundary between the Central Sector
and the Southern Apennine Sector. In this section, the transpression with western vergence
is confirmed by the Antrodoco1 well [105]. The opposite vergence between the two lines
gives the Ancona–Anzio line its typical flexure. The third section is outlined by the front
of the Gran Sasso, which represents the boundary between the Southern Apennine Sector
and Adria foreland and is characterized by right transpressive kinematics.

Laga Basin and Montagna dei Fiori

The Ancona-Anzio line, which cut the Adriatic front of the chain above the flexure of
the Adriatic slab, forms a deep depression at the triple junction, not compensated by the
essentially right-lateral Gran Sasso front. The Laga Basin formed at this location, fed by the
pre-Tyrrhenian Apennine flysches. At the same time, the front of the Sibillini Mountains
was migrating eastwards, forming the Montagna dei Fiori with an axis orthogonal to the
Gran Sasso front.

Southern Apennine

The formation of the Southern Apennines is perhaps the most interesting result of the
kinematic model proposed here. At the beginning of phase 3, the Apennine Arc and the
Calabrian Arc were separated by the Sannio Basin. The tectonic units that form the actual
Southern Apennines (carbonatic platform and Lagonegrese Units) represented the basal
part of the accretionary wedge of the Calabrian arc. The boundary between the Southern
Apennine and the Calabrian arc sectors is characterized by an articulated low-angle fault,
generated by the rotations between the two sectors (Figure 16b). The activity of this fault
produced a large extension that exhumed the carbonatic and Lagonegrese units from the
accretionary wedge of the Calabrian Arc. At the same time, the exhumed units rotated
with the Southern Apennine Sector, thereby migrating towards the Apulian flexure.

In summary, the Southern Apennine was generated by a sequence of events that took
place in the following order: (1) accretion of the carbonate and Lagonegrese units in the
Calabrian arc wedge; (2) exhumation from the accretionary wedge; (3) accretion of the
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exhumed units to the Southern Apennine Wedge. This singular process created the space
occupied by the present chain, whose front developed along a NW-SE direction.

The direction of extension that generated the exhumation of the Apennine units,
according to the kinematic model, varies from NW-SE to N-S as a function of the position of
the instantaneous pole of rotation between the two sectors (Figures 19 and 23). In addition,
the extension is also evidenced by the formation of top-wedge basins present both in the
Southern Apennines and in the Calabrian Arc (Irpino Basin, Gulf of Sibari, Crati Valley,
Crotone Basin, etc.).

Taormina Line

At the end of this phase, the Internal and External Sicilian chains started moving
together with respect to the Calabrian arc along the right-lateral Taormina fault. Conse-
quently, the activity of Monte Kumeta-Alcantara fault and the extension along the External
Sicilian Chain ended. The latter was previously responsible for the formation of the Gela
foredeep and the Caltanissetta basin.

Northern Tyrrhenian and Apennine Arc

Along the Apennine Arc continues the rotation of the two sectors with the previous
kinematics. Crustal thinning in the Northern Tyrrhenian area and between the two sectors
of the Apennine Arc also continue. Tuscan magmatism is starting near the triple junction
of the two rifts.

4.2.4. Phase 4. Marsili Basin Formation (3–0 Ma)

At 3 Ma extension jumped eastwards of the Vavilov basin and the southern branch
of the triple junction of the Southern Tyrrhenian rifts started to form the Marsili basin in
an area already thinned by transversal extension associated with the exhumation of the
southern Apennines (Figure 27). At the same time, exhumation in the Southern Apennine
the Lagonegro Units continued. During this phase, the Ancona-Anzio line stops its ac-
tivity while, due to the propagation of the flexure of Adriatic lithosphere, the Adriatic
trench jumps east of the Montagna dei Fiori and the Maiella Massif, up to the Ortona-
Roccamonfina line. The Lazio–Abruzzi segment is again incorporated into the Central
Sector of the Apennine Arc. The Ortona–Roccamonfina line from this moment forms the
new boundary between the Apennine Arc and the Southern Apennine. The line ends
North of the Roccamonfina volcano, from where it transfers a convergent movement on the
southern tip of the Ancona-Anzio line through an articulated dextral transtensive structure.
This E-W oriented structure runs along the Latina Valley, where the eruptive centers of the
Ernici Mounts are located. The southern Apennine continues its exhumation from below
the Calabrian Arc while migrating towards the Apulian flexure and generating transpessive
structures in the exhumed Lagonegrese Units. At the same time, further away from the
Apulian front, basins filled with marine sediments (Potenza, Santarcangelo) formed on the
exhumed units still in extension. On the Calabrian Arc, the same extensional event formed
the Sibari–Corigliano Basin and the Paola Basin, while affecting the existing Crati Valley
and Crotonese Basin [106] (and reference therein) (Figure 16b). Further south the Catanzaro
Trough was reactivated. In Sicily, the Ionian STEP fault intersected the Malta Escarpment
and the tear fault began to propagate along this structure. Our model suggests that this
event started widening the narrow Ionian Slab and interrupted the continuity between
the Sicilian and Ionian lithosphere. All this causes dramatic changes in Sicily. During the
upper Pleistocene, the triple junction of the Southern Tyrrhenian abandons the area of the
Marsili and jumps near the Aeolian Arc (Figure 28 and Plate 1). The slab-retreat process
from this moment is exclusively guided by the Ionian slab.
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Figure 28. Plate reconstruction of the western Mediterranean region at 0 Ma. Triangles are volcanoes:
the Tuscan province is in filled in (yellow), the Roman province is in orange, the Campanian province
is in (blue), the Aeolian Arc with Marsili and Palinuro is in (black). The Northern Sector (1) is shown
in (dark beige); the Central Sector (2) is in (green); the Southern Sector (3) is in (light blue); the
Calabrian Arc Sector (4) is in (pink), the Sicilian Sector in (light green) (5). (Dotted areas) are in
extension (see upper right legend). (Red lines) are active boundaries. (Black lines) are inactive
boundaries. (Yellow lines) are strike-slip faults. (Light blue lines) transfer faults on the continental
lithosphere. (Dark blue lines) are the Middle-Triassic COB and transfer faults on the continental
lithosphere. Blue dashed lines identify the area of the Southern Apennine exhumed from 7 Ma. A-A:
Ancona-Anzio line; AB: St. Arcangelo Basin; CB, Caltanissetta Basin, KB: Crotone Basin; GS: Gran
Sasso Front; LB: Laga Basin; MA: Maiella Front; MF: Montagna dei Fiori; PB: Paola Basin; S: Sicily;
SB:Sibari Basin; SCB: Sardinian-Corsican block, TL: Taormina Line.

5. Discussion

5.1. General Considerations

The method described in this work is based on the laws of plate kinematics and takes
into account deformation of blocks through time. The proposed model describes quanti-
tatively the complex evolution of the system of deformable tectonic elements belonging
to the Tyrrhenian–Apennine region. The main tectonic consequences of this model shed
new light on the geodynamic processes that generated the Tyrrhenian extension and the
corresponding formation of the Apennine chain. The slab retreat process, which is generally
recognized as responsible for the origin of the Tyrrhenian rift, has complex geodynamic
implications, not always sufficiently considered. It arises when the speed between two
converging plates is lower than the retreat speed of the slab inflection point, caused by
the lithospheric sinking [107]. The process is often illustrated by a lithospheric profile that
shows the kinematics of extension in the upper plate along the line of the profile. However,
a correct description of the retreat of a trench should be done in 3D, considering the rotation
of the trench line about the Euler pole of the upper plate. Besides the kinematic aspects,
the slab-retreat process is associated with important geodynamic implications, such as
the formation of STEP faults and the elastic rebound that follows slab detachment, and
requires a description that takes into account of all the boundary conditions. For exam-
ple, STEP faults determine a downward flexure that partly affects the unsubducted plate,
whose margin is dragged to some extent in the asthenosphere. Such a flexure propagates

28



Geosciences 2021, 11, 177

together with the rip between the slab and the continental margin. In the crust, the effects
of this process are strictly related to the extent of the flexure, which in turn depends on the
rigidity and strength of the lithosphere. In general, the marginal flexure of the continental
lithosphere occurs along a hinge line that is oblique with respect to the STEP fault strike.
The subsequent rebound determines the formation of crustal structures that are pairwise
oblique with respect to the direction of slab retreat. In the Apennine area this effect is quite
evident. In addition to this, the lithospheric flexure along a STEP fault produces important
transpressive structures at crustal scale that simulate normal mountain chains. On the
basis of these considerations, it is possible to describe the evolution of some sectors of the
Apennine and Sicilian chains.

5.2. STEP Fault Evolution Within the Northern Apennine

In previous models, the northern and central Apennine are part of a unique arc that
extends from the Sestri Voltaggio line to the Ortona–Roccamonfina line [108]. These models
are based on the hypothesis that a continuous Adriatic slab exists. Our kinematic model
suggests instead that the northern Apennine segment represents a transform structure
of the upper plate with left-lateral motion, which links the western Alpine arc with the
Apennine chain with opposite vergence. The presence of a mountain chain along this
fault is a consequence of the geodynamic complexity of the processes involved in STEP
faults. The flexure of the continental margin of Adria in the Padania Valley originated a
submerged chain that was later exhumed by elastic rebound. A series of arcs formed, with
a symmetry axis aligned with the hinge line of the flexure, thereby oblique with respect
to the strike of the STEP fault. These arcs propagated eastwards and were eventually
exhumed (the Monferrato arc) following the tear migration (Figure 4 and [109]).

5.3. STEP Fault Evolution Within the Sicilian Chain

Our model proposes that, differently from the northern Apennine, the western Sicilian
chain developed along three distinct STEP faults. The oldest (and most important) one
had E-W trend (in present day coordinates) and was placed along the northern continental
Hyblean paleomargin. The next, very short STEP coincided with the modern Taormina line.
Finally, the modern STEP fault associated with the rip of the Ionian oceanic lithosphere
from the African margin coincides with the Malta Escarpment. The eastward propagation
of the tearing determined flexure along the Iblei and SSE migration of the external chain
while the internal chain moved together with the Calabrian Arc (Figure 4). This process
separated the two chains along the Monte Kumeta fault, which is characterized by right-
lateral kinematics. The eastern termination of this fault is represented by the northeastern
tip of the Caltanissetta extensional system. During the early Pliocene slab tearing was
transferred to the Taormina line, thereby starting from this time tectonic activity along the
external and internal chains was essentially driven by the convergence between Africa and
Eurasia. Finally, during the Pleistocene, slab tearing started along the Malta Escarpment,
determining an eastern break in the continuity between the African continental margin and
the Ionian lithosphere. We hypothesize that this event originated an eastward escape of
Sicily with respect to stable Africa. Such a hypothesis is supported by the dextral kinematics
along the Sicily Channel and by the submerged Elimi Chain [110,111]. A successive paper
will address this point.

5.4. STEP Fault Evolution Within the Southern Apennine

The southern Apennine is aligned with an important STEP fault that separates the
continental margin of Apulia from the Ionian slab. Initially, the southwestern margin of
Apulia bended downwards following the subduction of the Ionian oceanic lithosphere,
while its northern margin separated by Adria along the 41◦ parallel STEP fault. Starting
from the late Tortonian formation of the Vavilov basin, a tear formed that separated Apulia
from the Ionian oceanic slab. As soon as Apulia was not anymore pulled downwards by the
Ionian slab, the flexure line started rotating counterclockwise and assuming a strike slightly

29



Geosciences 2021, 11, 177

oblique with respect to the new southeastward propagating STEP fault. The contemporary
elastic rebound of the more western parts enhanced this rotation of the flexure line and
produced at the same time the rotation of the southern Apennine and the formation of the
Vavilov basin. The difference in the Euler poles of rotation of the southern Apennine and
the Calabrian arc with respect to Europe determined strong extension between the two
sectors and exhumation of most of the southern Apennine. The latter was previously part
of the Calabrian arc accretionary wedge.

6. Conclusions

The tectonic reconstruction of the Tyrrhenian basin and the Apennine chain offered us
the opportunity to propose a method that integrates plate kinematics tools with the methods
of structural geology. The technique has proved to be adequate for performing quantitative
deformation analyses at an intermediate scale such as that of the Mediterranean area.

Structural geology has made significant contributions for the application of plate
kinematics methods to continental tectonics. Among these, we remind the identification
of the components of the Apennine puzzle (micro-plates), the determination of the poles
and angles of rotation, and the definition of the plate boundaries. With these fundamental
parameters, we have formulated the hypothesis of a rotation model of the puzzle of micro-
plates, built with the aid of the PCME software tool. The model provided a framework of
kinematic constraints that allowed to hypothesize innovative solutions to the problems
inherent the tectonic reconstruction of the Apennine chain. The kinematic framework is
also useful for future research that can confirm, improve, or modify the model we propose.

The model can be viewed through an animation (Movie 1 in Supplementary Material)
composed by a temporal sequence of images, generated by the software. The characteristic
of this approach, well known in the global tectonics studies, is to provide and visualize, for
each point along plate boundaries, the relative velocity vectors between the micro-plates.
Finally, this important feature allowed us to predict the tectonic and structural implications
along the plate boundaries. The expected implications of our rotation model have found,
in our opinion, a very satisfactory confirmation for the tectonic structure we observe for the
Apennine chain and the Tyrrhenian basin. We therefore believe that the initial hypotheses
made on the recognition of micro-plates, on the determination of the rotation poles, on the
activity times, and on the angles of rotation have been verified. The model also provides a
precise balance of the areas, which is essential for paleogeographic reconstructions.

Due to these important characteristics, we believe that the rotation models constructed
with this methodology, thanks to their ability to predict implications of tectonic and struc-
tural processes in a very broad framework, represent powerful tools suitable for responding
to interpretative disputes for complex areas still debated. We are however fully aware that
the transition from the rotation model to its tectonic implications requires a certain aptitude
to visualize the third dimension, not represented in the rotation models.

For the Apennine and Tyrrhenian areas, the rotation model has responded well to the
historical issues. Among these we recall the most significant. Starting from the North, they
are: the transversal structures that interrupt the Umbria–Marche Arc and separate it from
the Northern Apennine, while extending the Tyrrhenian, Tuscan–Lazio and Umbria areas
in a direction transverse to the Apennine chain; the Ancona-Anzio transpressive lineament
which, in the triple junction with the Sibillini and Gran Sasso front, form the Laga basin; the
exhumation of the tectonic units of the Southern Apennine, which implies a great extension
that pervades the entire chain; the formation of important basins, located near the foredeep
of the southern chain (Santarcangelo, Sibari, Crotonese and Caltanissetta), the Paola basin,
and Crati Valley located in an innermost position and the Catanzaro trough that crosses
the entire Calabrian arc. All these basins exhibit extension along the direction of the chain
that is not appreciable in the tectonic reconstructions of transects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11040177/s1, Plate 1: Kinematic Evolution of the Tyrrhenian–Apennine system;
rotation model.rot; Movie 1: Kinematic Evolution of the Tyrrhenian–Apennine system.
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Abstract: The polyphase structural evolution of a sector of the internal Central Apennines, where
the significance of pelagic deposits atop neritic carbonate platform and active margin sediments has
been long debated, is here documented. The results of a new geological survey in the Volsci Range,
supported by new stratigraphic constraints from the syn-orogenic deposits, are integrated with the
analysis of 2D seismic reflection lines and available wells in the adjacent Latin Valley. Late Cretaceous
syn-sedimentary faults are documented and interpreted as steps linking a carbonate platform to
the adjacent pelagic basin, located to the west. During Tortonian time, the pelagic deposits were
squeezed off and juxtaposed as mélange units on top of the carbonate platform. Subsurface data
highlighted stacked thrust sheets that were first involved into an initial in-sequence propagation with
top-to-the-ENE, synchronous to late Tortonian foredeep to wedge-top sedimentation. We distinguish
up to four groups of thrust faults that occurred during in-sequence shortening (thrusts 1–3; about
55–60 km) and backthrusting (thrust 4). During Pliocene to recent times, the area has been uplifted
and subsequently extended by normal faults cross-cutting the accretionary wedge. Beside regional
interest, our findings bear implications on the kinematic evolution of an orogenic wedge affected by
far-traveled units.

Keywords: Central Apennines; passive margin inversion; mélange; pelagic deposits; thrust sheets;
backthrust; cretaceous; Miocene; nannoplankton

1. Introduction

Carbonate platforms are a type of passive margin sedimentary succession that can be
commonly involved in the thrust-sheet imbrication of an orogenic wedge [1–3]. During
in-sequence ongoing deformation, the wedge propagates by incorporating new portions
of the foreland, which is commonly made up of crystalline basement, clastic and/or car-
bonatic successions, and overriding foredeep/foreland clastics with variable thickness and
composition [4–6]. The so formed fold-and-thrust belt, incorporating distinctive tectono-
stratigraphic units, is the combined product of inherited syn-sedimentary structures and
orogenic dynamics [7,8]. Thus, the wedge-related deformation style may strongly depend
on the stratigraphic architecture and in particular on the presence and depth of décollement
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layers within the stratigraphic successions (i.e., salt [9]). In this sense, thick-skinned defor-
mation (see, e.g., in [10]) can dominate when there is no suitable detachment horizon. On
the contrary, when preferred slip-levels occur, thin-skinned tectonics develop, generating
flat-ramp-flat geometries and disharmonic folding, which, for example, can occur within
base-of-slope to pelagic successions [11,12]. At the transition between such structural
domains, strain localization can occur, nucleating thrusts by inverting previous listric
boundary extensional faults (see, e.g., in [13]).

During inversion of hyperextended passive margins, orogenesis forms far-traveled
units that can reach a high-degree of internal deformation [14–16]. The chaotic structure of
these so-formed mélange units is the result of the superposition of tectonic, sedimentary,
and mud-diapiric processes [17], to which gravitative processes add, by incorporating
both allochthonous and autochthonous blocks [18]. Despite the subsequent orogenic
deformation overprint, occurring within far-traveled thrust-sheets, the structural heritage
may be preserved and studied (see, e.g., in [19–22]).

The Apennines are a fold-and-thrust belt involving basinal and platform-derived
thrust sheets and mélange units (Figure 1) that offer well-outcropping structures represen-
tative of inverted hyperextended passive margins. The present-day deep structure of the
Apennines has been a long matter of debate, as the amount of thrust allochthony and the
involvement of the crystalline basement are widely discussed (see, e.g., in [23–29]. In this
frame, the recognition of inherited structures also bears implications on the reconstruc-
tions of the pre- to syn-orogenic evolution [30–33]. For the Central Apennines, timing of
deformation and shortening rates through time were reconstructed by coupling kinematic
reconstructions with dating of the deposits overlying the forebulge unconformity [34] or,
more classically, by dating the siliciclastic syn-orogenic deposits of the foredeep and wedge-
top basins by using biostratigraphy (see, e.g., in [35–38]). However, controversial age
interpretations may be derived due to the occurrence of few index fossils or reworked spec-
imens from cannibalized foredeep and wedge-top deposits (see, e.g., in [34–39]). Recently,
thermo-chronological studies have provided absolute dating of calcite and fault-gouge that
have supported the reconstruction of regional thrust evolution [40–43].

Considering that the central Apennines represent an orogen that involves large vol-
umes of the Adriatic plate, identification and description of the most internal thrust sheets
are fundamental to highlight the role of inherited structures in determining the dynamics
of far-traveled thrusting. In particular, one of the most crucial problems is deciphering
the degree of distance covered by the units after detachment within foreland, foredeep,
and wedge-top basins during shortening. In this paper, we provide (i) a review of the
existing literature of the Volsci Range (VR; Figure 1) and of the adjacent Latin Valley; (ii) a
comprehensive stratigraphic and structural analysis based on new age determinations of
the syn-orogenic deposits; and (iii) a reinterpretation of a composite dataset of public well
data and seismic lines, integrated by unpublished data provided by Pentex Italia Limited.
We recognize a polyphase structural evolution based on the documentation of the charac-
teristic mélange structures in the Chaotic complex and the distinction of foreland-directed
thrusts cross-cut by younger hinterland-directed reverse faults. As a brand-new outcome,
the reconstruction of the pre-orogenic heritage and the syn-orogenic Miocene structures
allows us to constrain a previously unpublished regional inversion tectonic process and
its peculiar evolution of thrusting. In this frame, the internal Central Apennines represent
an example of the kinematic evolution of platform and basin-derived thrust sheets. Our
study can help unravel the evolution of similar belts worldwide, and more specifically
contributes to the understanding of far-traveled thrust sheets.
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Figure 1. (a) Simplified Tectonic map of Central Italy (modified from the works in [30,38,44], showing
the active margin units and the Meso-Cenozoic passive margin units. The shortening time is in italic.
(b) Crustal cross-section (modified after the work in [45]). Deep well location is taken from in [23].

2. Geological Setting

2.1. The Central Apennines

The Apennines (Figure 1) are a ~1500 km long accretionary wedge made of different
pre-orogenic and syn-orogenic units accreted together during the progressive E/NE-ward
migration of leading-edge frontal thrusts and associated active margin units deposited
within foredeep and wedge-top basins (see, e.g., in [46–50]. From Miocene time, the
Apennine foreland became progressively involved in pre-thrusting bulging, uplift, and
erosion resulting from the wedge migration [51–56]. Since Tortonian time (~11 Ma), the
west-directed subduction of the Adriatic slab drove the development of the accretionary
wedge now exposed in the central sector of the Apennine belt [49,54]. Subsequently, the
fold-and-thrust belt underwent severe crustal stretching, related to back-arc extension
that progressively migrated from the Sardinian margin to the axial part of the central
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Apennines [49,57]. The chain is now uplifted and cross-cut by Quaternary normal faults
and also affected by several volcanic centers along the Tyrrhenian margin [45,47,49,58,59].

The central Apennines constitute a mountain chain sector bounded by two major NNE-
trending tectonic lines (Figure 1), comprised between two arcs with polyphase activity:
the Ortona–Roccamonfina and the Olevano–Antrodoco–Sibillini lines [60,61]. The latter
can be considered as the positive transpressive reactivation (see in [7] and the references
therein) of a Mesozoic extensional fault system associated with continental rifting, the
Ancona–Anzio line [62] (Figure 1).

The Mesozoic paleogeography was characterized by different domains defined by peculiar
stratigraphic successions. West of the Olevano–Antrodoco–Sibillini line, Meso-Cenozoic pelagic
sequences occur in the northern Apennines. East of the Ancona–Anzio line, the central
Apennines are mainly formed by neritic carbonate platform units that are bounded by base-of-
slope to basinal domains (e.g., Gran Sasso [30]). According to the works in [63,64], drowning of
the Mesozoic carbonate platform of the VR occurred during the latest Cretaceous or Cenozoic
times and is testified by basinal deposits lying on top of platform carbonates. More internal
basinal/oceanic units, referred to the Sicilide and Ligurian Accretionary Complex, crop out
both in the southern Apennines [44] and along the coast west of Rome (i.e., Tolfa region [65,66];
Figure 1). These units are traditionally recognized as allochthonous units that were involved
into the wedge in Miocene time. The occurrence of similar internal allochthonous units in
the central Apennines is still debated. A stratigraphic correlation between the deposits atop
the neritic carbonates of the VR and the Ligurian-Sicilian basinal units of Sicily and southern
Apennines was first made by [67]. A different interpretation was proposed by the authors
of [65,66], who recognized the marly–terrigenous terrains atop the VR carbonates as the
remobilization of the Cenozoic basinal succession.

The terrigenous units cropping out in the central Apennines mostly occur in NW-striking
valleys (e.g., Latin Valley [68]; Figure 2). These units are representative of foreland basin
deposits, whose formation nomenclature varies from region to region, i.e., the Frosinone
Formation [64] shares similar timing and facies with the Termini and Pietraroja formations
of the southern Apennines [69,70]. To harmonize their occurrence throughout the central
and southern Apennines, we have grouped them in four different units, representative of
progressively more external and younger stages of the wedge accretion towards the east
(Figure 1a). To the south, as shown by well logs and outcrops in the Pontian islands and at
Circeo Mt., Mesozoic basinal units overthrust Oligocene to early Miocene flysch units [42,71].
South of Naples (Figure 1), Serravallian to lower Tortonian flysch represent internal terrigenous
foredeep units [44]. Serravallian syn-orogenic units, indicative of plate flexuration, were
recognized as well in more internal positions within the Volsci Range [72]. Such flexural deposits
rejuvenate towards the east suggesting a progressive shift of the wedge towards the outer
portions of the arc. Intermediate terrigenous units of late Tortonian–earliest Messinian age occur
in the Latin Valley and underneath the overthrusted platform carbonates of Campanian age.

North of the Latin Valley, the Simbruini-Ernici Mts are built up of NW-striking imbricate
carbonate thrust sheets that overthrusted onto the outer terrigenous units of Messinian age (e.g.,
within the Latin valley, Figure 1 [73,74]). This is well evidenced by the Trevi well that shows
the juxtaposition, at considerable depths (3000 m), of Triassic terrains onto Cretaceous and
Miocene carbonates, testifying for the doubling of the Mesozoic succession [75]. A horizontal
displacement in the order of 30 km and vertical offset of about 5 km has been proposed for
this thrust [76,77], although field evidence from the Simbruini thrust front is at odds with
this interpretation [49]. These ridges constitute the backbone of the internal sectors of the
Central Apennines (internal Central Apennines), which first overthrust onto the outer active
margin deposits and, during late Messinian time, were involved into renewed shortening [43].
Differently from the Internal Apennines, the axial and external parts of the chain, that occur
more to the northeast, were involved into the wedge respectively during Messinian (Abruzzi)
and Pliocene (Majella Mountain deformed Apulian terrains; Figure 1; see in [78]) times. During
middle Pliocene time, the outermost terrigenous units experienced compression, while back-arc
extension was affecting the internal part of the chain.
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Figure 2. Simplified stratigraphic columns of the Volsci Range and the adjacent Latin Valley correlated, on the left, with the
official cartography [64]. On the right, tectonic context and stratigraphy of basin deposits is reported from the literature (see
Appendix A) and original data at representative localities. Localities from the Ernici unit are highlighted by vertical gray
stripes. Below, the geological map of the study area with the studied locations and their respective numbers.
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2.2. The Volsci Range and the Latin Valley

The VR is traditionally subdivided into major mountain groups, i.e., West Lepini,
East Lepini, Ausoni, and West and East Aurunci Mts (Figure 2), that are separated by
major valleys or mountain passes. More to the SW, the Mount Massico structural high
occurs. These groups share a similar tectonic and stratigraphic evolution. The VR is mostly
composed of passive margin Mesozoic neritic carbonates belonging to the Latium and
Abruzzi platform or Apennine carbonate platform (see, e.g., in [79–81]). The Mesozoic
dominant facies are representative of inner to rim carbonate platform environments (see,
e.g., in [63,64,82,83]).

A compilation of the Mesozoic lithostratigraphic units cropping out in the Lepini
sectors is presented in Figure 2. The Upper and Lower Volsci thrust sheets differ from the
Upper Ernici unit on the basis of the Cenozoic stratigraphy. Of note, the VR succession
generally bears a thin and incomplete succession of Paleocene to Miocene deposits [84]
atop late Cretaceous formations of different ages, possibly due to progressive drowning of
some sectors of the platform during Late Cretaceous time [63]. On the other hand, in the
Latin Valley, the Ernici unit is thicker and also contains Eocene to early Tortonian foreland
units and late Tortonian to earliest Pliocene active margin siliciclastic formations (see in [63]
and the references therein).

Seismic interpretation studies in the Latin Valley, carried out by AGIP and other
companies (www.videpi.com) (accessed on 20 January 2021), trace top-platform seismic
horizons that allowed us to locally outline a fold-and-thrust structure [85]. According to the
authors of [64,86], the VR front propagation affected the Latin Valley foredeep deposits that
were doubled or even triplicated [45]. Upper and lower units in the Volsci Range and in the
Ernici units of the Latin Valley were thus distinguished. As also shown in the cross sections
in [64], thrusting involved the Cretaceous carbonates of the Ernici unit together with upper
Tortonian foredeep sediments of the Frosinone Formation [63,64]. Finally, out-of-sequence
thrusting during and after the Messinian salinity crisis was documented in [77,87], possibly
related to backthrusting, like at Carpineto Romano [88]. The thrust front does not crop out,
but according to the most recent reconstructions, it is offset by normal faults [45,86]. At
least from Middle Pliocene time, the study area experienced regional uplift, accompanied
by subaerial exposure and consequent diffuse erosional processes that generated erosional
surfaces, now found at different elevations [63].

According to the authors of [89], just north of VR the uplift rate increased during
the last 2.4 Myr. In the VR, no such detail was reached yet. However, early to late Pleis-
tocene slope, river, and lacustrine paralic and continental deposits were mapped within
depressions bounded by high-angle NW- and NE-striking normal faults that dissected
the fold-and-thrust fabric. Further, E-striking transtensional faults contribute to generate
middle Pleistocene wrench zones and basins between the Latin Valley and the Pontina
Plain. Syn- to post-tectonic upper Pliocene–middle Pleistocene continental successions
are preserved in the Middle Latin Valley, the Pontina Plain, and locally in the VR inter-
montane depressions [64]. Further, during late Pliocene to possibly Holocene times, the
fold-and-thrust belt was progressively cross-cut by a system of conjugate synthetic and
antithetic normal faults determining the formation of the coastal plain and intra-mountain
depressions [64,90,91]. The VR hosts volcanic terrains of Pleistocene age from both nearby
volcanic districts and local eruptive centers belonging to the Volsci Volcanic Field (VVF;
Figure 1 [64,92]).

3. Materials and Methods

3.1. Stratigraphic Review and New Paleontological Determinations

The lithostratigraphic architecture of the Meso-Cenozoic carbonate platform succes-
sion has been reviewed, following the scheme in [45], and it has been integrated with a
stratigraphic chart that compares eighteen different key localities representative of pre-
orogenic passive margin to syn-orogenic foreland basin lithostratigraphic units throughout
the study area (Figure 2). Erosive submarine and karst-related unconformities are re-
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ported to support the regional review of the syn-orogenic evolution, also constrained by
the absolute ages provided in [43] for the Massico Mt ridge. The overall stratigraphic
setting allowed us to correlate diachronous events among different structural units from
the Volsci Range and Latin Valley. Lithologies not constrained by biomarkers are traced
by a question mark, whereas lithologic and biostratigraphic information coming from
the review of the existing literature is resumed in the table of Appendix A. We have
harmonized the stratigraphic information published in the 1:100,000 maps (i.e., Latina,
Frosinone, and Alatri; https://www.isprambiente.gov.it/) (accessed on 20 January 2021),
and in the more recent and detailed 1:50,000 maps (i.e., Anagni, Ceccano, and Velletri;
https://www.isprambiente.gov.it/) (accessed on 20 January 2021) as well as and in other
papers (i.e., in [72,84,86–88,93,94] and, using the stratigraphic nomenclature after that
in [64], then grouped the deposits into the broader informal lithostratigraphic subdivision
of Figure 2.

New biostratigraphic information was acquired by studying Upper Cretaceous–
Miocene to early Pliocene samples collected from fifteen localities at Colle Cantocchio,
Gorga, Gavignano, Carpineto Romano, Caccume Mt., and Siserno Mt. (Figure 2). Further
sampling through the Latin Valley at Morolo, Ferentino, and Frosinone localities was
performed in order to determine facies and fossil content of syn-orogenic deposits. Hard
rock samples have been prepared for thin sections analysis, which provided thirty-three
new age determinations. Further, we collected seventeen samples for nannoplankton using
samples prepared under smear slide technique, and following the procedures described
in [95]. We observed the nannoplankton content through the polarized light microscope
Zeiss Axioscop equipped with an ×100 oil immersion objective lens. We performed a
qualitative evaluation of the assemblages on all the samples, but only twelve of them
proved to be fossiliferous, while five other ones are barren or poorly fossiliferous. Impor-
tant time maker nannoplankton taxa were identified up to species level, as presented in
Supplementary Material. We base our time determination on the micro-biostratigraphic
frames in [82,96–98] for the shallow-water carbonate assemblage and the biostratigraphic
scale in [99–101] for the nannoplankton.

3.2. Structural Analysis

A new structural-geological survey of the carbonate and siliciclastic succession inte-
grates previous work of the Geological Survey of Italy (ISPRA) (i.e., in [64,102,103] and
the references therein). The resulting new geological map is built also considering a spe-
cific review of the 1:50,000 geological sheets “Anagni” and “Ceccano” in order to avoid
lithostratigraphic synonymy (see Appendix A) [64,103].

Bedding attitude was retrieved from existing map sheet tables at the scale 1:25,000 on
a stripe of about one kilometer to each side of the main cross section (Figure 3). In order to
constrain fault kinematics, field measurements of faults, fractures, and slicken-fibers were
collected at key localities and plotted by means of TectonicsFP software [104] with lower-
hemisphere projections and rose diagrams. In particular, at each locality eigen vectors are
calculated from the bedding and are indicative of the orientation of the axes of deformation,
where the gray circles are representative of the plane between the principal and minimal
eigenvector. In general, an eigenvector is a vector which gets stretched, but not rotated,
when operated on by the matrix. Considering that eigenvectors have corresponding
eigenvalues, the amount of squeezing or stretching (the strain) is called the eigenvalue.
Eigenvectors from key localities are reported in Table S1 (Supplementary material).
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Figure 3. (a) Comparison among lithostratigraphic data from wells in the Latin Valley. (b) Sketched geological map with
the location of the studied wells and seismic lines. Wells 1, 2, and 4 are from a public dataset (www.videpi.com) (accessed
on 20 January 2021). Wells, 3, 5, 8, 11, 12, and 13 are provided by Pentex Limited Italia (see Acknowledgments). Wells 6,
7, 9, and 10 are reported in [105]. Full lines are stratigraphic correlations within the same structural unItal. Black dashed
lines are uncertain stratigraphic and tectonic correlations (blue lines). Regional cross section AB (Figure 6) and the detailed
structural maps of the Figures 6 and 9 are also shown.
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3.3. Borehole Data from the Latin Valley

Composite well log data from the exploration and production of hydrocarbon activity
were used to calibrate the seismic lines (Figure 3). Fifteen wells were drilled through the
syn-orogenic lithologies, and they provide insights on late Miocene siliciclastic deposits.
Four wells are from a public database (www.videpi.com) (accessed on 20 January 2021), the
others were extrapolated from the literature [64,106,107] or confidential reports provided
by Pentex Italia Ltd. The stratigraphic calibration of the seismic profiles was performed by
using (i) the Frosinone 1 well, which is located within a relatively dense network of seismic
lines and drilled at total depth of 684 m, reaching the Orbulina Marl Fm at 526 m and the
CBZ at 551 m, while the Cretaceous carbonate platform top was encountered at 620 m,
and (ii) the Anagni 1 well, which encountered mesozoic platform carbonates between
47 and 162 m and reached again the carbonate top at 862 m after having crossed a thick
siliciclastic succession (Figures 2 and 3). Three wells were characterized by velocity data
that allowed us to calibrate seismic data and/or calculate average and interval velocity
for the identified macro-units. Where velocity logs were not available, an average interval
velocity based on our calculations was applied to fit with the correspondent lithology
and reflector detected on seismic profile. In few cases, velocity logs were available for a
direct local time-depth chart; in the other cases, average velocity obtained by the analysis
of the available logs and from literature was used. These two velocity laws were used
to depth-convert the two-way-time interpretation on seismic dataset, in order to define
thickness and depth of the main top interpreted horizons to set the geological cross section
(Figure 14). Biostratigraphic data are available only for a few key wells (i.e., Paliano 1,
Gavignano 1, Anagni 1, Frosinone 1, Liri 1, and Farnese 1) and have been anchored using
the regional scale in [96].

3.4. Seismic Dataset

The structural setting of the Latin Valley presented in this study largely relies on
thirty-eight 2D seismic reflection profiles irregularly arranged (map view Figure 3b). In the
north, some seismic lines gather around the Gavignano 1 and the Anagni 1 wells, while in
the south they occur together with different wells (Figure 3). The seismic sections originate
from different acquisition campaigns carried out in the 1980s and 1990s for the exploration
of hydrocarbons by AGIP and recently by Sovereign and Pentex. Most seismic lines are part
of a public dataset (ViDEPI Project. Available online: https://www.videpi.com accessed
on: 20 January 2021. This public network has been integrated by a few other seismic lines
from different surveys, to better constrain the structural setting of the Latin Valley. The
interpreted seismic dataset was a stack version. Public data were in raster format, so we
produced segy files for each raster seismic line in order to be able to import all the dataset
into the interpretation software (OpendTect). This was achieved using Kogeo© 2.7, a free
and open software for 2D/3D seismic data analysis that allows to create a geo referenced
seg-y file from a scanned seismic image (http://www.kogeo.de/index.htm) (accessed on
20 January 2021). Seismic quality is good to poor, probably due to a lack of reprocessing
and therefore interpretation may be inaccurate in some points. In those cases, we have
integrated the outcropping geological information to reconstruct a geological model along
the seismic profile, identifying when possible the main reflectors.

The most evident reflectors are the unconformities at the top of the upper Cretaceous
carbonates (Figure 4), and of the Orbulina Marl Fm. (UAM; Figure 2). To calibrate and
detect the main reflectors/markers in the Latin Valley, a synthetic seismogram was created
for the Anagni-1 well (Figure 4) by focusing on the following formation discontinuities
(from the bottom to the top): at the top of the Cretaceous limestones (UK), at the top of the
Bryozoa and Lithothamnium limestone (CBZ), and at the base of the Frosinone Formation
(FFS). For the interpretation of the seismic profiles, we identified the top-CBZ as the key
reflector with the strongest acoustic impedance contrast observed over the entire Latin
Valley. This often corresponds to the UAM lithostratigraphic unit (Figure 2), which at the
basin scale corresponds with one of the most used reflectors that tie wells with seismic
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lines [108–110]. Miocene and Cretaceous near-top reflectors are well recognizable because
of the characteristic geometry and energy picks that are stronger than the adjacent reflectors.
In particular, the marly layers reflect most of the down-going seismic energy, obscuring the
siliciclastic sequence or the underthrusted carbonate units. Despite the limited thickness of
UAM, this reflector was followed also on the poorer quality seismic lines.

 

Figure 4. Simplified stratigraphic column of the Anagni 1 borehole with velocity log, synthetic seismogram, and an extract
of a seismic section passing by the well (location in Figure 3). The seismic marker horizons and additional stratigraphic
horizons interpreted in this study are also shown.
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4. Results

4.1. Stratigraphic Constraints
4.1.1. Stratigraphic Review

The stratigraphy of the study area is schematically reported from the literature in
Figure 2, where the lithostratigraphic units are anchored to the exposed sections at each of
the eighteen localities presented in the map. The basics of the different tectonic units are
exposed in Section 2.2. A new set of ages is proposed for the succession cropping out at the
northern Volsci Range, as shown in the next section.

The Upper Campanian to Eocene carbonate platform succession that rest on the
Hippuritid and Radiolitid limestone is generally missing [64], possibly due to a widespread
depositional hiatus, although it locally crops out (e.g., at Gorga [103,111]). Note that
the shallow-water Spirolina limestone (lower to mid-Eocene [112]), which crops out only
in rare patches comprised between two unconformities—probably related to emersion
events—was found at Gorga [112], Ferentino, and Castelforte (Figure 2; see also in [96,113],
while it was recognized in well logs of Paliano 1 DIR and Farnese 001dir (Figure 3). In
the Volsci Range, the Bryozoa and Lithothamnium limestone (CBZ) was dated as middle
Miocene (see, e.g., in [64,87]). However, our data from the Volsci Range show that at least
the CBZ base is early Miocene in age (see Section 4.1.2). Locally in the Volsci Range (e.g.,
Carpineto Romano, Figure 2), the CBZ lithotype is reported to occur within and beneath the
allochthonous sub-Ligurian units [72], that can be compared with the Falvaterra Chaotic
complex in [63].

Overall, the Falvaterra Chaotic complex is an ensemble of Paleocene to middle
Miocene lithoclasts (from dm to decametric) wrapped within a matrix, whose best age
constraints were provided mostly from the outcrops of Colle Cavallaro [114]. The basal
contact of the Chaotic complex, although tectonically overprinted [63], is often marked
by a ferruginous-limonitic veneer that occurs as a calcareous-detrital iron-oxide cruston.
Differently from the classical carbonate hardgrounds, that are surfaces of synsedimentarily
cemented carbonate layers that have been exposed on the seafloor under an extremely
low sedimentation rate, the crustons of the Volsci Range could be either of karstic origin
and/or the product of fluids involved into thrust faulting. Near Formia these crustons
occur on top of peritidal limestones with benthic foraminifera (redetermined after the
work in [63]) including Spirolina sp. [115], which can be possibly attributed to the early
Eocene [111]. In particular, the foraminifera shown in [63] (their Figure 4) appear closer
to some shallow-water discorbidae rather than planktonic forams. However, this need
to be verified with new determinations. Our data constrain the top platform units pro-
viding new insights on the correlation, envisaged in [63], between these crustons and
the Upper Cretaceous–lower Miocene succession preserved in the Chaotic complex (cf.
Section 5.1 on the basis of the new stratigraphic constraints presented in Section 4.1.2.).
Concerning the stratigraphic evidence from the Paleogene-early Aquitanian pelagic terms
atop (Figure 2), they are mostly represented by Scaglia lithotypes (e.g., Formia and Spigno
Saturnia, Figure 2). These lithotypes also crop out beneath the thrust south of Carpineto
Romano, and beneath the Caccume Mt. and Colle Cavallaro klippen (Figure 2). Further,
Scaglia sensu latu lithotypes were found as blocks of various dimensions wrapped in clayey
matrix together with: early-middle Miocene lithoclasts (Figure 2; Appendix A), upper
Serravallian cherty marl, and massive to laminated arcosic greywackes with mica [103]. The
latter resulted sterile at the Caccume Mt. [84]. Lithologies of clasts involved into the Chaotic
complex belong to a wide chronostratigraphic interval (i.e., Paleogene-Serravallian pro
parte; Figure 2). More to the south, beneath the Vele Mt. thrust, siliciclastic marly deposits,
mapped as Chaotic complex equivalent units, occur. Our data provide age constraints
for the northern Volsci Range, see Section 4.1.2, and provide insights on the stratigraphic
development of the sedimentary succession later deformed as Chaotic complex.

In the Latin Valley, the Frosinone Fm. was homogeneously attributed to late Tortonian
time, while on the northeastern edge of the valley the base seems to be younger (i.e.,
uppermost Tortonian [87]). The upper part of the Frosinone Fm. unit bears olistoliths and
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olistostromes [115], from Mesozoic platform and Chaotic complex equivalent lithologies.
They are reported at Sgurgola [35] and in the Torre Ausente Valley [64,116], although not
as nicely cropping out as at the Massico Mt. [37].

Well data show a highly variable facies pattern of the siliciclastic units that include
carbonate intercalations and thick marly successions with minor to rare sandstone horizons
(Gavignano 1; Anagni 1; Frosinone 01; Farnese 001 wells; Figure 3). Due to tectonic
juxtaposition, these successions may appear repeated at least twice and thus also reaching
a total thickness of about 1.8 to 2.5 km at Gavignano and Liri and Farnese wells. Single
thrust-bounded siliciclastic units are up to some 0.7 km thick.

In particular, the Gavignano 1 well hits four repeated siliciclastic-marly sequences
bounded by thrust faults juxtaposing older terrains above younger ones. The uppermost
unit is constituted of Upper Cretaceous (UK) limestones (cf. Anagni 1 well). The deeper
fault-bounded units are about 600–900 m thick. Their siliciclastic sequence is defined by
different lithofacies associations including alternations of sandstone, marl, and limestone.
By correlating the wells providing detailed biostratigraphic information (e.g., Paliano,
Gavignano, and Frosinone), we have correlated similar lithostratigraphic units, thus pro-
viding a formation identification. Biostratigraphic data from wells do not report Messinian
taxa. Thus, we consider the Messinian Monte San Giovanni Campano unit (MVP) follow-
ing the work in [63] and composed of wedge-top clastics [87], including other formally
defined lithostratigraphic units (i.e., Torrice Sandstone Fm, Figure 2). Despite this lack
of subsurface biostratigraphic information, its occurrence at depth cannot be excluded.
Further, the correlation among conglomerates bearing exotic clasts of granitoids (SBG) is
not clear as not supported by resolutive available stratigraphic information. However, their
occurrence is of regional relevance as they could be representative of the transition from
late orogenic [117] to backarc settings (i.e., Formia; Figure 2).

4.1.2. New Stratigraphic Constraints

New stratigraphic data from the northern Volsci Range and Latin Valley constrain the
age of sedimentary units (Appendix B). The uppermost Cretaceous carbonate units were
studied at different localities to reconstruct the tectono-stratigraphic setting of the top of
the platform before thrusting. This information is provided by the variable thickness and
facies distribution of the carbonate units between the Hippuritid and Radiolitid limestone
and the ferruginous cruston on top, which usually marks the top of the platform. East of
Gorga (Figure 2), the Hippuritid and Radiolitid limestone is overlain by some decameters
of Maastrichtian bioclastic limestone and dolostone. This unit is truncated at the top by
breccias, indicating an unconformity on the Upper Cretaceous succession. Those breccias
are intercalated with a middle Burdigalian shallow-water marly level (Lep 12c, Appendix B)
passing upward to typical CBZ limestone.

The Mesozoic platform top was found on top of the Lower Volsci Unit at the Caccume
Mt., where it occurs as an encrusted breccia. At Carpineto Romano (Figure 5), atop of the
platform succession of the Lower Volsci Unit, when preserved, discontinuous thin patches
of proximal early Miocene CBZ limestone and middle Miocene Orbulina Marl formations
occur (cf. Cosentino et al., 2002). At Colle Cantocchio (Figure 2; Appendix B), the early
Miocene CBZ limestone was found disconformable on the Jurassic-Cretaceous limestone,
which is marked by a hardground (structural details in Section 4.2.1).

Atop the Meso-Cenozoic carbonate units, the Chaotic complex occurs as a mélange that
contains both native and exotic blocks, the latter being Cretaceous to Miocene basinal to distal
ramp deposits that are coeval with the in situ formerly described proximal succession (Figure 5).
Both block types are internally folded. South of Carpineto Romano (Figure 3), the deformed
platform blocks involved within the Chaotic complex are stratigraphically comparable with
the encrusted carbonates that are preserved at the top of the Lower Volsci Unit (cf. Figure 2).
In particular, within the Chaotic complex, we have mapped several lenses of Cenomanian to
early Campanian limestones covered by middle Campanian karstic breccias and ferruginous
to limonitic cruston (Figure 5; structural details in Section 4.2.2).
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Figure 5. Sampled lithologies of the top of the platform and Chaotic complex. (a) Carpineto Romano (Pian della Faggeta; cf.
Figures 6–8), encrusted top of platform crossed by E-trending thrust grooves and later veins having growth-fiber lineations
plunging towards the NE (corresponding to plot 3 in Figure 8; 41◦34′51” N/13◦6′30” E); (b–c) encrusted native block within
the Chaotic complex; (d) Campanian breccia beneath cruston; (e) Sampling site of the top of the Lower Volsci Unit north of
Caccume Mt. and inherited paleo-topographic reconstruction; (f–g) outcrop detail of the cruston and underneath discordant
units. (h) example of discordant Santonian-Campanian breccia beneath Chaotic complex. (i) Small-scale dykes of the
grooved top platform cruston (41◦34′32” N/13◦14′5” E); (j,k) lower Miocene blocks 41◦34′33” N/13◦13′20” E; (l) Tortonian
turbidites from Caccume Mt. north.

Differently from the native blocks, the Scaglia-type pelagic to hemipelagic limestones
(with rare planktonic foraminifera and iron oxides) occur as exotic inclusions. In this
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category, at Carpineto Romano and Caccume Mt. (Figures 2 and 5; Appendix B), we have
found CBZ blocks of early Miocene age represented by red dots (iron oxide spherules)
glauconitic calcarenite associated with micaceous intercalations and chert (Figure 5). Minor
lenses of hemipelagic middle Miocene marl and sandstone occur as well. Overall, the blocks
are wrapped within a sandy-clayey matrix that is alternated with shales, foliated brownish
marl, greenish arenaceous beds with exotic lithic, and coarse-grained micro-conglomerate
with carbonatic and crystalline elements.

The matrix of the Chaotic complex at the base of the Caccume and Siserno mounts,
includes Paleocene-Eocene, Oligocene-early Miocene, middle Miocene, and perhaps also
late Tortonian-Messinian nannofossil assemblages (Appendix B). A similar wide span of
ages was obtained from the shaly units of Colle Cantocchio (Figure 2), where Mesozoic
to Tortonian nannoplankton reworked specimens were found beneath a major thrust
(Appendix B; see also Section 4.2.1).

In the Latin Valley, the nannoplankton from the Frosinone Fm. can be referred,
although rare or hardly diagnostic, to late Tortonian time. Wedge-top conglomerate
deposits were studied at two key localities. At Gavignano (Figure 3), folded calcareous
conglomerate occurs atop karstified Cenomanian limestones that according to the well data
are juxtaposed on arenaceous deposits (cf. Figure 3). The clasts of mixed origin are from the
Upper Cretaceous carbonates (i.e., Coniacian-Campanian and Albian-Cenomanian; see also
Farinacci, 1965) and from the Tortonian Orbulina Marl Fm. The embedding matrix is made
of abundant quartz grains along with reworked Amphistegina and Elphidium that make it
possible to refer the whole Gavignano clastic deposit to the MVP unItal. In particular, the
fining upward series with rare sandy matrix at the base (LEP10L) are dated to the latest
Tortonian-earliest Zanclean and the clay marl at the top (LEP10M) to the Messinian. Thus,
we consider this topmost constrain as indicative of the Messinian age of the MVP unit in
the Latin Valley.

Within the eastern Lepini backbone, the conglomerates of Gorga are composed of
pebbles and rounded blocks of reworked conglomerates whose clayey matrix and a bio-
turbated marly pebble were investigated. The age of these samples is late Tortonian for
the marly pebble due to the presence of the coccolithophore Discoaster surculus, and top
Tortonian–earliest Zanclean for the clay matrix bearing the marker Amaurolithus primus.

4.2. Structural Analysis of the Volsci Range

In this section, we document the field data used to reconstruct a geological cross
section across the northern Volsci Range. The Western Lepini Mounts essentially consist of
a 3 km thick Jurassic to Cretaceous carbonates dipping to (E)NE, whose local variations
are shown in the stereoplots from 1 to 6 in Figure 6. The Neogene lithostratigraphic units
atop are locally preserved beneath a few klippen structures that we document in detail
in the next paragraphs. In the map and in the cross section of Figure 6, two areas are
highlighted and described in detail as they preserve novel insights about pre-orogenic and
syn-orogenic tectonics, which are presented from the oldest to the youngest event.

Near the western edge of the Western Lepini Mounts, a detailed survey performed
at Colle Cantocchio allowed us to update the previous work by providing details on the
stratigraphic contacts and fault kinematics (Figure 7). In particular, we integrate the data
from in [93] by describing the pre-orogenic contacts and the low-angle fault juxtaposing
Cretaceous rocks onto the Orbulina Marl Fm. As we can see from the panoramic view and
cross section (Figure 7), lower Cretaceous calcareous dolostones (LK) are juxtaposed to a
thick Jurassic-Cretaceous succession. The LK unit is downthrown towards the WSW and
it overall consists of a striated proto-cataclasite of a normal fault (in orange). The fault
has a cut off angle of about 40◦ with the footwall bedding. On top of this fault (paleofault,
orange line in Figure 7), patches of lower Miocene CBZ occur sealing the contact (see
Section 4.1.2). At the contact, an oxidized bluish rim of Mesozoic limestones marks the
paleoescarpment (yellow dotted line in Figure 7), which is surrounded by altered shales
(late Serravallian-Tortonian pp. Orbulina Marl Fm).
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Such an inherited tectono-stratigraphic setting is preserved at the footwall of a thrust,
whose hanging wall consists of a one-hundred-meter-thick pile of Upper Cretaceous (early-
mid Campanian) limestone, and whose base constitutes the roof of a cave. The cave is
defined by an iron oxide-rich striated principal slip surface. In the hanging wall, cataclastic
bands are crosscut by minor mirror-like faults.

Figure 6. (a) Geological map of the western Lepini sector. (b) Stereoplots (lower hemisphere projection, equal area)
summarizing orientation data for the structural elements representative of the subdivided areas in panel (a). Eigen vectors
are indicative of the orientation of the axes of deformation calculated from the bedding, where the gray circles represent
planes that contain the intermediate and maximum eigenvectors, as shown also by the data reported in the supplementary
material. (c) Cross-section of the Volsci Range limited to the Malaina Mount to the northeast.
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Figure 7. (a) Geological map of Colle Cantocchio modified after Cocozza and Praturlon (location in Figure 6 [93]). (b) Struc-
tural overview looking eastward. Blue line: thrusts and transpressive faults; yellow dotted line: paleoescarpment un-
conformity below Middle Miocene terrains (T); orange line (paleofault). (c) Larger geological cross section from Figure 6
and detailed (d) cross section (bold line traced in panel (a)) with stereoplots (lower hemisphere projection, equal area) of
faults with slickenlines measured at the paleofault and in the roof of the cave. (e) Detail of the paleoescarpment contact
of the pebbly calcarenite (f) over the hardground composed of oxidized Upper Jurassic peritidal limestones (41◦34′29”
N/13◦0′9” E); (g) Polygenic breccia composed by Miocene and Cretaceous calcareous clasts with a reddish cement and
calcareous matrix. (h) Cave details, grooved-base thrust fault zone constituted by foliated cataclasite bands (i,j). Sampling
sites are referred to Appendix B.
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Figure 8. (a) Geological map of the Lower and Upper Volsci Unit deformation preserved between Pian
della Faggeta and Occhio di bue localities (Figure 6) modified after [72] and the related geological
cross section D-E in panel (b). (c) Stereoplots summarizing orientation data for the structural
elements representative of the different key outcrops (from 1 to 6 in panel a). (d,e) Hanging wall and
footwall of a (E)NE-directed thrust occurring in a cave near the top of the platform RTDb limestone
(corresponding to plots 1–2; 41◦34′48” N/13◦6′21” E). (f) S/C top-to-the NE structures affecting
lower–middle Miocene limestone and marl lithotypes (41◦35′18.18” N/13◦6′16.40” E). (g) Detail of
the (E)NE verging fold (41◦35′18.96” N/13◦6′19.28” E) and striated bedding (41◦36′11” N/13◦5′36”
E) of the Upper Volsci Unit (corresponding to plot 6). The sketch on top left shows the geometry of
the outcrop that consists of a fault-propagation fold later tilted towards the foreland to the NE.
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As constrained by nannoplankton analysis on samples from the fault core, both clasts
and matrix (see Appendix B) are representative of different levels of a basinal sedimentary
succession. The cataclasite also includes fragments of calcite mineralizations. The internal
fabric is marked by the occurrence of slip surfaces associated with transpressive S/C
structures indicating top-to-the-NE thrusting. Overall, the thrust seems to cut up-section
although bounded and possibly tilted by later normal faults. The NW edge of the cave is
bounded by a NE-striking normal fault with a displacement in the order of 20–40 of meters
(red line in Figure 7h). At the top of the hill, the overall structure is topped by transgressive
polygenic marine breccia composed by Miocene and Cretaceous calcareous clasts with a
reddish cement and calcareous matrix, possibly crosscut by a SW-dipping normal fault
with a displacement in the order of 150 m.

4.2.1. Thrusting at the top of Lower Volsci Unit

Figure 8 summarizes the kinematic indicators affecting the top of the Mesozoic plat-
form and the Chaotic complex in six localities at the top of the Mesozoic succession of the
Lower Volsci Unit in the Western Lepini Mounts.

Starting from the base of this deformed area, the Hippuritid and Radiolitid limestone
(Campanian RDTb; Appendix B) of the Lower Volsci Unit is affected by bedding-parallel
proto-cataclasite bands crossed at low-angle by striated curvy fault mirrors with dm2 to m2

dimensions (Figure 8). Across the most evident fault mirror (Figure 8), both footwall (plot-1)
and hanging wall (plot-2) are characterized by top-to-the-NE slicken fibers, measured also
on smaller fault mirrors. Crustons are disconformably topped by veined and laminated
beige sandy calcarenites (plot-3). The thin carbonate blocks embedded in the Chaotic
complex at Pian della Faggeta (plot-4) have variable thickness (up a few meters thick)
and limited lateral extent (up to some dozens of meters). The native carbonate lithons are
internally deformed and in places, display a sharp contact at their base with the siliciclastic
units, and can be internally affected by top-to-the-(E)NE asymmetric folding. On the top of
some of these slices, E-trending thrust grooves are cross-cut by NE-stretching mode-I veins.
Beside the dominant NE-stretching, provided by the fiber direction of veins, more to the
south (plot-4, Figure 8), veins crossing carbonate slices in similar structural positions also
show NW-directed stretching.

At Occhio di bue locality (plot-5), a block of middle Miocene limestones and marls
with chert topped by light green clay of late Serravallian age (c.f., Cosentino et al., 2003) is
affected by S/C structures indicating top-to-the NE shear. Coherently, at the contact with
the Cenomanian limestone on top, 1–2 m of foliated proto-cataclasite bands are topped by
(E)NE verging folds (plot-6; Figure 8). In the same plot, top-to-the-NE striated bedding is
reported as it crops out more to the north at the top of the same lithon. While bedding is
folded around N- to NNW-striking axes (cf. stereoplots 7–8; Figure 6), northeast of a major
backthrust it is folded around NW-striking axes of folds (stereoplots 9–10).

As the Chaotic complex is concerned, field data from the Eastern Lepini Mounts
highlight the top-to-the-ENE juxtaposition of the Upper Volsci unit above the Chaotic
complex (i.e., Caccume Mt., Siserno Mt.), which in the Volsci Range is preserved in a
few klippen atop the Lower Volsci Unit, whereas in the Latin Valley it is found on top of
the Frosinone Formation (Figures 9a and 10a). At the Caccume Mt., we report structural
information from the juxtaposition of folded Cenomanian Lower Cretaceous limestone
on the Chaotic complex. The regional folding affecting the Lower Volsci Unit defines
a well-marked NW-striking open fold while the Upper Volsci unit of the Caccume Mt.
displays rather dipping beds folded around an NNW-striking axis. The basal contact of
the Chaotic complex is marked by thrust grooves and ferruginous faint slicken lines along
the crustons, while at the top of the Chaotic complex, S/C and C’ structures display top-
to-(E)NE shearing. Cross-cutting field relationships show that thrust grooves are further
cross-cut by high-angle en-échelon shear zones and normal faults.
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Figure 9. (a) Geological map of the Eastern Lepini sector and part of the Latin Valley. (b) Stereoplots (lower hemisphere
projection, equal area for locations 11–20; numbering following after Figure 6) summarizing orientation data for the
structural elements representative of the areas in panel a). Plot-13 shows E-striking folds interposed in the frontal thrust
zone near Morolo, while plot-18 represents the N-S trending flank of a salient associated with transpressive S/C structures
of Plot-19. (c) Sketched geological cross section and structural overview of the Volsci Range front (Caccume Mt. lower
and upper unit, respectively, correspond to plots 16 and 17). Normal faults dip towards the NE, crosscut the Upper thrust.
Sampling sites are reported in Appendix B. (d) Caccume Mt. front, detail of the encrusted top of the platform affected by
E-trending D1 grooves and later crossed by oxides-rich (D2+3) en-echelon fractures and later NW-striking oxides-free and
cemented veins; 41◦34′46” N/13◦13′60” E). (e) Upper thrust juxtaposing the Cenomanian neritic limestone over the Chaotic
complex (41◦34′15.00” N/13◦13′55.13” E), which, as shown as the sampling site of LEP67 on a lithotype that in panel (f), is
affected by top-to-the-(E)NE S/C structures.
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Figure 10. (a) Structural overview over two frontal klippen of the Latin Valley cropping out at Siserno Mt. where the
Chaotic complex is juxtaposed to the Frosinone Fm. (b) Near Frosinone, an unconformity subdivides folded FFS units
from the channelized facies on top. (c) Detail of the unconformity. (d) Vertical pelitic-arenaceous succession with (e)
bioturbated levels. (f) Structural overview of the Gavignano area with stereoplot (lower hemisphere projection, equal area)
of bedding and eigenvectors, that are indicative of the orientation of the axes of deformation related to the MVP thrust top
conglomerates of Gavignano with (g–i) location of sampling localities. Conglomerates at the base are affected by pressure
solutions and in the most calcareous beds also by veins. Sampling sites are referred to the Table in Appendix B.
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4.2.2. The Volsci Range Thrust Front and the Latin Valley Structures

The geometries of the frontal part of the Volsci Range and Latin Valley are shown from
the SW to the NE (stereoplots 11–15, Figure 9). The thrust front between the Ernici and
Lower Volsci units occurs as a series of imbricates of overturned Cretaceous to CBZ layers
(i.e., NW of Morolo; Figure 9). New data allowed us to recognize a salient at the front of
the Eastern Lepini Mounts. This structure is accompanied by a change in the fold trend
from NW to W (plots 12 and 13; Figure 9) and by transpressive top-to-the-NE kinematics.
The frontal part is defined by a large-scale anticline in the west and a syncline in the east
(Figure 9). The two folds are separated by a series of NNW-striking tear faults with inferred
right-lateral kinematics (Figure 9). More to the east (plot-18), the N-S trending flank of
the salient is associated with transpressive S/C structures in Cretaceous limestones (plot
19). Overall, the fold-and-thrust fabric is cross-cut by NE-dipping normal faults at the
northeastern VR edge. As it is downfaulted, the thrust front does not outcrop further north.
In the VR, a salient has been mapped between Morolo and Patrica (Figure 9), its most
external point being characterized by the outcrop of Jurassic limestones. Upper Cretaceous
units occur as klippe above the imbricated Chaotic complex juxtaposed to the foredeep
deposits of the Frosinone Fm.

At the southern edge of the studied area of the Latin Valley (Figure 10a), the Chaotic
complex was mapped as juxtaposed on the Frosinone Fm., and it reaches its maximum
thickness west of the Siserno Mt. (about 250 m).

There (Figure 10a), we identify two thrusts: one juxtaposing the Upper Volsci Unit on
the Chaotic complex (white dashed line) and the other juxtaposing the Chaotic complex
onto the Frosinone Formation (black thrust). At Frosinone, a new road cut exposes a major
intraformational unconformity within the Frosinone Fm. (yellow dotted line, Figure 10b, c)
between folded layers beneath and sub-horizontal channelized deposits atop.

The channelized facies is made of arenaceous-pelitic associations with sets of thin
pelitic-arenaceous and marly beds intercalated in thick massive arenaceous-pelitic lay-
ers. Southwest of Ferentino, paleocurrents are marked by a NW–SE direction, whereas
the Frosinone formation is internally deformed and displays verticalized to overturned
successions (Figures 9 and 10). There, the facies consists of an arenaceous association of
amalgamated massive beds with arenaceous-pelitic and pelitic-arenaceous sets. As shown
on the map (Figure 3), north of Sgurgola and north of the Siserno Mt., an anticline with
upper Cretaceous and CBZ limestone belonging to the Ernici Unit emerges from the Latin
Valley siliciclastics, which are locally bioturbated. In the syncline between this ridge and
the Volsci Range, pelitic facies of the Frosinone Fm. occur.

At Gavignano (Figure 10f), the MVP Messinian calcareous conglomerate occurring
on top of the Upper Volsci Unit overthrusting the Frosinone Formation is folded along an
NNW-striking axis and is near vertical in places. In the most calcareous layers, pressure
solution seams and veins crosscut the pebbles as typical of load-driven compaction.

4.2.3. Backthrusts and Normal Faults

Backthrusts best crop out in the northwestern part of the VR, where their presence is
highlighted by some pockets of Messinian-earliest Pliocene heterogeneous conglomerate
(Figure 11). Transpressive kinematics associated with a general top-to-the-(E)SE sense of
thrusting was observed on the reverse faults along the Montelanico-Carpineto Backthrust.
As typical of cannibalized wedge-top basins, blocks of conglomerates occur within a
marly-conglomeratic matrix near Gorga (Figure 11).

In Figure 11, we sketch the structural setting related to the backthrusts, which cross-cut
and preserve the top-to-the-(E)NE Chaotic complex at the footwall of the Montelanico-
Carpineto Backthrust. This major backthrust (i.e., Montelanico-Carpineto Backthrust)
bounds the East Lepini structure, a large-scale anticline with its culmination at the Malaina
Mt. (Figures 6 and 11). The backthrust is accompanied by recumbent folds and minor
high-angle reverse faults. In the southwestern sectors of the VR (Figure 11), normal faults
cross-cut older contractional structures. More to the SW, another high-angle backthrust
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was mapped west of Bassiano (Figure 6). This structure allows the juxtaposition of the
Jurassic and Early Cretaceous carbonate onto the upper Cretaceous and it is defined by
transpressive kinematics (stereoplots in Figure 6).

Figure 11. (a,b) Structural overview of the backthrusts in the northern Volsci Range with sampling sites (see Appendix B)
and stereoplot (lower hemisphere projection, equal area) of bedding and backthrusts. (c) Thrust zone detail. (d) Block
of conglomerate within conglomerate with clayish marly matrix. (e) Pebble of bioturbated marl with chondrites. (f,g)
Structural overview of the Lepini sector and the Montelanico-Carpineto backthrust continuation towards the south beneath
the Eastern Lepini Pop-up.
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Along the southern slope of Semprevisa Mt. (i.e., the Semprevisa Fault), a major
normal fault dissects the whole Jurassic-Upper Cretaceous succession, while along the
northern slope, the top of the Mesozoic succession is overthrust by Upper Cretaceous units
(documented in depth in the following sections). To the southwest, stepwise segments of
normal faults bound the Pontina Plain (Figure 2). Further to the northeast, domino-like
blocks are bounded by 2–3 km spaced faults, each with about 0.5 km downdip offset. More
details on the Quaternary fault system are in [45].

4.3. Seismic Interpretation of the Latin Valley

By tracing the reflectors of the unconformable contact between the Meso-Cenozoic
carbonates and the upper Miocene siliciclastic deposits on top (cf. Section 3.4), two major
seismic units were recognized in the subsurface of the Latin Valley: (i) the Upper Ernici
unit and (ii) the Lower Ernici unItal.

The Upper Ernici unit crops out at Ceccano (Figure 2), and northwest of Morolo
(Figure 9), where it constitutes a carbonate ridge in the middle of the Latin Valley. Coupled
seismic and field geological evidence shows that the ridge is represented by detached
Upper Cretaceous carbonates topped by a thick CBZ succession sealed by UAM and
FFS units. The Upper Ernici Unit was drilled by the Frosinone 1, Ripi I, Ripi II, Pofi 1,
and Ceprano 1 wells (Figure 3). This thrust-bounded unit is composed of a stratigraphic
succession that can be correlated with the upper units of the Gavignano-1 well.

The Lower Ernici unit, apart from the distinctive near-top reflections, displays a variable
amplitude and frequency with a discontinuous and chaotic pattern of reflectors that generally
is characterized by noisy seismic facies. We exclude that this reflector is a coherent noise
(multiple) as it can be followed over the entire study area and it displaces geometries that
roughly differ from the above reflectors. Due to the scarce penetration of the seismic signal,
this unit can be considered as the acoustic substratum of the area. No boreholes reached this
unItal. By comparison due to our reconstruction of the thrust geometry, the top of the Lower
Ernici seismic unit is possibly represented by the Meso-Cenozoic carbonates that crop out
northeast of the Latin Valley (Figure 2). Due to the above reported uncertainty, marks indicate
the less-constrained portions of the interpreted cross sections.

Within the Latin Valley, minor thickness changes of the carbonate tectonic units occur.
Due to the repetition of the top-CBZ reflector accompanied by underlying top-UK reflectors,
we have recognized multiple repetitions of the Upper Ernici unit due the occurrence of
several thrust faults. The Ripi I well [106]), although crossing a major thrust zone, shows
no siliciclastic deposits under the Mesozoic carbonates, but rocks of the Orbulina Marl and
CBZ formations.

To show the general structural trend of the research area, we present three represen-
tative seismic lines (Figure 12), constrained by field and borehole data, showing thrust
sheets characterized by a general top-to-the-NE sense of shear. Major thrusts, although
occurring in all of the seismic lines, are well evident but discontinuous in number and
distribution from line to line. Four major groups of thrusts form before the occurrence of
normal faulting (Figure 13). From the most internal to the outermost we describe them
as (1) the first group (thrust-1) marks the juxtaposition of the Chaotic complex on top of
the FFS units and it can be correlated with the Upper Volsci thrust. (2) Thrust-2 marks the
translation and doubling of the Upper Ernici unit within the Frosinone foredeep domain.
No clear indication of the front could be recognized in the study area, possibly due to
subsequent erosion. This structure is also represented by a series of thrust splays that
cross-cut the formerly formed the fold-and-thrust fabric. Carbonate thrust-sheet units as
thick as 0.6–0.8 s intervals have undergone significant translation in the order of 20–25 km.
Considering that no thrust ramp could be observed toward the SE, this is a minimum
estimate calculated on the hanging wall flat. (3) Thrust-3 is a group of reverse faults
with flat-ramp-flat geometries that involve both the Upper and Lower Ernici units. The
thrust-3 records a minimum offset in the range of 5 to 8.5 km. (4) The latest reverse faults
belonging to the thrust-4 include the backthrusts at the northern edge of the Latin Valley.
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Such backthrusts cross-cut the previous 1–3 thrust faults and allow the formation of a
triangle structure, during the deposition of the MVP deposits in the structural lows. In the
southernmost section (Figure 12; Section 3), the cut-off relationships provided by the latest
thrusts may have allowed the exposure of Thrust-2.

Figure 12. Two-times travel (TWT) seismic lines (from www.videpi.com (accessed on 20 January 2021); below, interpreted),
also showing the projection of the wells. The location of both wells and seismic line traces of Section 1 (line label FR-309-80),
Section 2 (FR-306-82), and Section 3 (FR-302-80) are in Figure 3. The vertical gray stripes highlight the Lower Ernici UnItal.
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Figure 13. (a) Top-platform unconformities related to the upper (orange arrows) and lower Ernici units (green arrows) (Dip
seismic line); (b) detail (right, interpreted) showing the angular unconformity between the Lower Frosinone seismic subunit
(FFS1) and the Upper Frosinone seismic subunit (FFS2); (c) W-E view (Strike seismic line), showing the lateral variability of
seismic facies FF1 and FFS2. (d) FR-314-82. Strike view of the Gavignano klippe, the purple dashed line marks the thrust
onto the Frosinone Formation (transparent facies FFS), while the yellow dotted line highlights the top reflectors of the
carbonates with the MVP conglomerate atop. Seismic line traces and well location in Figure 3.

The most prominent of this group of thrusts generates the outcrop of basal platform
at the foothill of the VR Front. A few backthrusts were recognized at depth, with vertical
displacement up to 1–2 km. In Figure 12, normal faults with appreciable offset were
identified (labeled with number 5). NE-striking faults concentrate at the Latin Valley edges
and do not clearly show in seismic lines. NW-striking faults bound Quaternary graben,
where travertine, continental, and volcaniclastic deposits were cumulated. The normal
fault trace in seismic lines was drawn when it is anchored to the outcrop evidence. In
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these cases, we have extended the minimum offset recognized at surface to the deeper
structural levels.

The most distinctive unconformities occur at the top of the Mesozoic carbonate succes-
sion and above the Middle Miocene CBZ Fm., onlapped by late Serravallian-early Tortonian
UAM horizons (Section 3 in Figures 12 and 13). At the borehole scale this contact may
appear as a paraconformity but the discontinuous and variable thickness of both CBZ and
UAM suggest that this is actually an unconformity with an irregular erosional surface.
Three subunits, divided by two major unconformities, can be observed within the silici-
clastics deposits and labeled as Lower Frosinone seismic subunit (FFS1), Upper Frosinone
seismic subunit (FFS2), and Monte San Giovanni Campano seismic unit (MVP); the first
two are made by the late Tortonian Frosinone Fm., while MVP is formed by the Messinian
piggyback deposits (Monte San Giovanni Campano unit; see MVP in Figures 2 and 12).

The thickness of the syn-orogenic units varies depending on the fold-and-thrust
belt structure, being the siliciclastic deposits thicker to the south and to the north (up
to 0.600 sec) and thinner in the central part (usually limited to 0.180 sec). As shown
in Figure 13, Subunit FFS1 is folded together with the underlying carbonates, showing a
transparent seismic facies, while Subunit FFS2 is thicker in the syncline and thinner towards
the anticline and it is possibly related to Thrust-2. In FFS2, minor internal unconformities,
typical of syn-depositional antiforms in foredeep basins, are here expressed by lobate-
type seismic facies. In detail, the antiformal-growth geometries are crestal erosional
truncations and diverging/converging reflection patterns around the hinge of the anticlines.
In the piggyback basins, the FFS2 is defined by well-reflecting horizons and is marked by
an erosive unconformity that at Ceprano cross-cuts both FFS1 at anticline culminations
(Figure 13). This anticline is sealed by FFS2 and is formed on top of Thrust-3. As shown
by the strike section in Figure 13, the thrust-and-fold geometry changes laterally as also
reported for the Gavignano klippe more to the north.

5. Discussion

The tectono-stratigraphic analysis of field and subsurface data enabled us to define
different thrust units, providing insights for a time-deformation analysis of one of the
innermost portions of the Central Apennines. Hereby, we present a geological cross section,
interpretative of the deep structures produced after the integration of field and subsurface
structures (Figure 14), that includes pre-orogenic passive margin deposits, mélange units,
foredeep, and wedge-top deposits. In the following, we discuss the main novel features
of the geologic history that led to the development of the geological setting of Figure 14.
In the cross section, we correlate the Upper Volsci Unit remnants of the Colle Cantocchio,
Carpineto Romano, and Caccume Mt klippen. Based on the mixed exotic-native compo-
sition of the blocks of the Chaotic complex, we recognize that they were overthrusted
together with the Upper Volsci Unit on top of the Lower Volsci UnItal. As shown in the
cross section, the Lower Volsci Unit of the Western Lepini Mounts is a monocline essen-
tially composed of Jurassic to Cretaceous carbonates dipping to (E)NE, that together with
the remnants of the upper units was further crossed by high-angle faults. In detail, the
Montelanico-Carpineto backthrust, bounds the Eastern Lepini pop-up that is affected by
small-scale folds and reverse faults, whose geometry suggests positive reactivation of
pre-orogenic normal faults during shortening. The wedge-top pockets preserved by the
backthrusts are infilled by MVP Messinian conglomerate that was deposited directly on the
Lower Volsci Unit, when the Upper Volsci unit was already dismantled. Thrusts and folds
are mostly evident in the Latin Valley (Figure 12), whose substrate has been reconstructed
by applying a depth conversion on a structural model published in [45].

By studying the top of the Mesozoic carbonate platform both in the Lower Volsci
Unit and in the blocks embedded in the Chaotic complex (Appendix B; Figure S1), we
have reported the occurrence of an irregular surface at the top of the platform. Such a
paleotopography was likely the result of Late Cretaceous syn-sedimentary tectonics. In such
scenario, the most elevated structures might have been affected by karstism (possibly with
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the formation of ferruginous crustons) during the latest Cretaceous (see Section 4.1). The
occurrence of a Late Cretaceous tectonics is supported by the lithostratigraphic unit we refer
to the “Gorga bioclastic limestone and dolostone” upper Campanian to Maastrichtian in age,
whose lateral change and abrupt facies shift points to syn-depositional tectonics (Figure 2).
At Gorga (Figure 3), this unit is represented by about 250 m thick rock volume [112], that
thins rapidly towards the west, whereas it lacks in the rest of the Volsci Range. In particular,
as recognized at Caccume Mt. and near Carpineto Romano (Figure 5), the unconformity
occurring at the top of the platform is marked by a very thin younger breccia partially
overprinted by a dolomitic and ferrougeneous cruston (cf. Figures 5 and 9), whose age and
origin need to be further constrained.

Figure 14. Geological cross section AB (trace in Figure 3) interpretative of both field and subsurface data converted to depth
(see methods). Numbers related to the group of faults are disposed as in Figure 12. In the Volsci Range, the Upper Volsci
Unit experiences about 25 km of thrusting (Thrust-1) towards the ENE. Thrust-2 accommodated the overthrust of the Volsci
Range and Upper Ernici Unit on top of the Frosinone Formation. In Latin Valley, the Upper Ernici unit is doubled by the
breaching of Thrust-3. Late reverse faults (Thrust-3 and -4) contribute to forming a triangle zone in the Latin Valley and
backthrusts in the rear. Normal faults generate a graben in the Latin valley and SW dipping faults towards the Pontina Plain.

In the Apennine platform, the transition from the Upper Cretaceous carbonates to
Paleocene–Eocene margin, slope, and Scaglia-type basin deposits was guided by a syn-
chronous regional extension during Maastrichtian–Eocene time that affected both the
Jurassic base-of-slope domains [30] and the demised sectors of the neritic platforms [118].
We recognize that the discordant stratigraphic contacts of Colle Cantocchio are due to the
development of a submarine paleoescarpment, guided by normal faults down-stepping
towards the WSW. The bluish hardground (highlighted by yellow dots Figure 15) can be
interpreted as a submarine unconformity marking the onlap (escarpment contact) of the
lower Miocene intraformational pebbly calcarenite on the Mesozoic carbonates. Similar
facies have been reported elsewhere by the authors of [119] and are here interpreted as a
diagenetic effect on the articulated inherited physiography of the previously unedited fault
escarpment described in Figure 6. A simplified back-restoration of section C-D (Figure 7c)
is attempted in Figure 15, where a fault step occurred to the south with an offset in the
order of 700–1000 m due to the exposure of the Jurassic terrains and the downthrowing
of the Cretaceous units in the hanging wall. The Semprevisa Fault can be still recognized
laterally for over 10 km, although overprinted by later Pliocene-Quaternary tectonics, and
possibly remarks at least part of this inherited structure. In our interpretation, as shown by
the stratigraphic contacts, the Jurassic units of the southwestern slope of the Semprevisa
Mt. were already exposed in early Miocene time (Figure 15). As suggested by the clasts
within the Chaotic complex, coeval basinal sedimentation occurred more to the WSW [120].
In particular, the recognition of Cretaceous-Paleogene Scaglia lithotypes and of distal early
Miocene CBZ limestones in the exotic blocks of the Chaotic complex (see Figures 7, 9 and 10)
suggest that sedimentation occurred in a bypass slope setting during Paleogene-Neogene
time. In particular, the Paleogene is recorded by a condensed to hemipelagic sedimentation,
evolving during the Miocene to mixed calcareous-siliciclastic turbidites with chert. The
Orbulina Marl Fm. (Serravallian pp.) sealed the pre-orogenic early Miocene topography.
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The Colle Cantocchio pre-orogenic fault is a part of the normal fault system that produced
the steps from the exposed Jurassic carbonates to the basin and is here proposed to be at
least Eocene in age, although older ages cannot be excluded. Synthetizing, according to
the new data, we propose a provenance of the Chaotic complex (i.e., including the exotic
blocks) from a hemipelagic paleogeographic domain with slow depositional rates placed
to the WSW of the present-day Volsci Range.

Figure 15. Reconstruction of the ramp-flat geometry of the upper thrust after restoration of section C-D by removing late
backthrusts and normal faults. During Tortonian time, inversion tectonics of inherited structures occurred on a ramp by the
overthrusting of the Upper Volsci UnItal. At the transition from ramp to flat, native blocks were scraped off from the Lower
Volsci UnItal. On the right, peculiar settings inspired by field examples are contextualized to understand the mélange
formation. During Serravallian time, the inherited structure was sealed by Orbulina Marl hemipelagic deposits. To the
southwest, base-of-slope to basinal Cretaceous-Miocene deposits occurred on a fault-controlled step of the platform. On the
right, a detail of the paleoscarpment setting prior to thrusting.

The ongoing research in the southern Volsci Range, is providing constraints for the
determination of the age of the encrusted normal faults bounding the Formia plain and
Spigno Saturnia areas, whose data from the literature are reinterpreted above (cf. Figure 2).
A comparable syn-sedimentary setting, leading to the deposition of Scaglia deposits has
been recorded nearby the VR [8,121] and documented at the western tip of the Volsci
Range [122]. Of note, at Colle Cantocchio (Figure 5), the early Miocene transgression over
the Jurassic-Lower Cretaceous rocks occurred on a step of the escarpment, where there was
no record of Paleogene basinal sedimentation. In alternative, this sector could be associated
with renewed normal faulting activity along a pre-existing Cretaceous-Paleogenic normal
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fault, which may have further exposed the Mesozoic rocks with its reactivation and allowed
the CBZ-UAM units to settle on top prior to the Tortonian onset of thrusting.

5.1. Chaotic Complex Emplacement and Thrust Propagation

To define the overthrusting towards the (E)NE of the Upper Volsci Unit and to un-
derstand the evolution of the Chaotic complex, we correlated the carbonate klippen by
documenting the stratigraphic and structural elements of the syn-orogenic deposits. This
correlation was initially proposed by Accordi [71], but inherited structures, thrust kinemat-
ics, and age of the syn-orogenic deposits needed to be better constrained. With the degree
of allochthony and origin of the Chaotic complex being long debated [45,64,67,86,123], in
this section we discuss the Chaotic complex origin and the role of the thrust propagation
towards the foreland into the late Miocene wedge growth.

Starting from the southwest, the Colle Cantocchio cataclasite and shale preserved
underneath the Upper Volsci Thrust can be interpreted as a thin Chaotic complex unit
juxtaposed on the paleo escarpment setting (c.f. Section 5.1). In this frame, the inherited
topography produced a ramp in the upper thrust during shortening. A comparable setting
occurs more to the south at the Vele Mt. (Figure 2), where the siliciclastic deposits under-
neath the thrust could be correlated with the Chaotic complex sliver of Colle Cantocchio
(Figure 15). As commonly occurring in mélange complexes [124,125], the Chaotic complex
formed at the expenses of the Lower Volsci Unit, whose inherited and articulated top was
scraped off and grooved (see Figures 7–9). The Chaotic complex is a combination of (i)
autochthonous “native” and (ii) allochthonous “exotic” blocks (Figure 15). The latter derive
form a discontinuous series of Paleogene-Burdigalian pelagic deposits deposited more to
the south and progressively mixed with lower Serravallian to upper Tortonian siliciclastic
units bearing also crystalline clasts.

In particular, the matrix of the Chaotic complex shows the same composition of the
embedded blocks, but it also shows the occurrence of late Tortonian-Messinian nannofossil
assemblages, which may have deposited during the final stage of thrusting related to
the Upper Volsci Thrust. Further, we are able to further narrow this time range to the
late Tortonian, considering also the absence of Amaurolithus sp., typical marker of top
Tortonian-Messinian. Provided that the overthrust of the pelagic elements of the Chaotic
complex is due to the juxtaposition of the Upper Volsci Unit, which squeezed them out
towards the foredeep, they must have originated from about the same distance reached by
the Upper Volsci Thrust front (Thrust-1).

In this frame, the SE-ward termination of the Chaotic complex and the lens-like shape
of the outcrop at Carpineto Romano (Figure 6) provide an example of interaction between
inherited top-platform physiography and thrust geometry. In our interpretation, this
structure is an inherited depression at the top of the platform that was later crosscut by
the Upper Volsci Thrust. At its southern tip, as demonstrated by Accordi [71], this thrust
still occurs as it doubles of the upper Cretaceous units although not involving anymore the
Chaotic complex, whereas, as shown on the map (Figure 6), at the northern of the Upper
Volsci Thrust, the younger Montelanico-Carpineto backthrust cross-cut it (Figure 11).

The Upper Volsci Unit is mainly composed by Upper Cretaceous neritic carbonates
(e.g., Carpineto Romano, Figure 8), implying that this unit detached essentially above the
uppermost Lower Cretaceous Orbitolina Marl level during shortening. However, although
rare, older Mesozoic rocks can also be found. A second detachment level, highlighted by
subsurface data, corresponds with the Orbulina Marl Fm, which allowed the doubling.
The chronological relationship between Thrust-1 (marking the overthrust of the Upper
Volsci Unit on to the Upper Ernici unit) and Thrust-2 (between the Ernici Units of the
Latin Valley) is beneath the resolution of our data. However, provided their geometrical
distribution, these thrusts are likely to represent a classical thrust propagation towards
more external and lower structural levels through time (i.e., towards the foreland). The
minimal shortening associated with Thrust-1 is of about 25–30 km, which corresponds with
the approximated present-day distance between Colle Cantocchio and the frontal klippe
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along the ENE-directed Thrust-1; while Thrust-2 ranges about 20 to 25 km as shown by
the thrust-2 structures in Figure 14. These amounts are comparable with the shortening
estimated at the thrust fronts of the Gran Sasso Massif (>20 km [30]) and of the Apennine
platform in the southern Apennines (>60 km [126]), while it is significatively lower than
the translation that affected the Ligurian Accretionary Complex onto the foredeep units
(> 100 km [127]). In this frame, the Tortonian southern Apennine platform thrusting [28]
matches our thrust dynamics (Figure 15). As also typical of the far-traveled Sicilian platform
units [128], the thrust geometry is characterized by long flats (10–15 km) and thin thrust-
sheets, that in our case can be as thin as about 0.7 km near the front. This implies that the
Orbitolina level and Orbulina Marl Fm preferred slip levels were very efficient in allowing
far-traveled thrusting.

As shown by thickness and facies variations of the siliciclastic deposits of the Latin
Valley, the Thrust-2 shortening stage was accompanied by syn-sedimentary folding of
the deposits of the FFS2 seismic unit (Figure 13). In our interpretation, while the uncon-
formable FFS1 contact with the CBZ limestone marks the flexuration of the foredeep, the
unconformable contact associated with wedge shape and channelized FFS2 facies marks
the growth of pop-up anticlines, thus being representative of wedge-top settings initially
developed during Thrust-2.

The channelized facies may be, respectively, representative of syn-tectonic fringe and
lobe deposits and of inner channelized sand bodies, while pelitic facies are rather typical of
outer fans [129]. In particular, the observed syn-sedimentary folded channelized structures
(Figure 10b), show that, the deposition of the Frosinone Fm. thus encompassed an increas-
ing input (mostly during the FFS1 stage), later followed by a progressive channelization of
turbidity flows onto the synclines during the FFS2 stage. As already suggested in [130] for
the Latin Valley on the channelization of the foredeep to wedge-top sediments, the active
margin possibly followed a comparable evolution similar to what elsewhere envisaged in
the southern Apennines by Casciano et al. [131].

At the front of our study area, a transition between the mélange and the flysch units
occurs. Based on published maps [64], wells, and seismic lines on the southwestern edge
of the Latin Valley, we also confirm that the Chaotic complex is juxtaposed to the Frosinone
Fm. of the upper Ernici unit (cf. Gavignano; Figures 10 and 13). For this feature, the
authors of [132] proposed an olistostrome origin, while Centamore et al. (2007) proposed
gravitational sliding of the Chaotic complex off the Volsci Upper UnItal. Further, this level
can correlate with the mélange levels of the Massico Mt. [43,133].

To explain the abrupt thickening of the Chaotic complex east of the Caccume Mt.
(Figure 10), we suggest that a growth structure was forming during the initial uplift of the
Volsci Range front as testified by fault-propagation fold (Figure 14) at the hanging wall of
thicker FFS units with syn-sedimentary folds (Figures 10 and 12). This generated the glide
of the Chaotic complex on top of the FFS units. Similar contexts were reconstructed for
other mélange units at thrust fronts, where the remobilization of the formerly emplaced
thrust sheets, allows the incorporation of the extrabasinal (exotic) lithologies within the
foredeep [18,134]. An alternative possible explanation to allow the juxtaposition of the Up-
per Volsci unit onto the FFS units, would envisage thrusting to occur during the uppermost
Tortonian-earliest Messinian.

5.2. The Late Stages of Shortening

As observed in seismic lines (Figures 12 and 13), thrust-3 produced the doubling of
the flat of the far-traveled Thrust-2, by involving deeper carbonates in the thrust ramps. We
have also shown that in the area break back thrusting occurred [135] (Figure 16). As shown
near Ceprano well (Figure 13), MVP wedge-top deposits that include calcareous pebbles
from the CBZ unit [87] were directly deposited on Mesozoic carbonates deformed by an an-
ticline. This contact is representative of a wedge with regional subsidence slower than local
antiformal growth [136]. Nannoplankton determination finally allowed constraining the
age of the folded conglomerates and atop marls of Gavignano, thus allowing a correlation
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with the MVP stratigraphic unit (Figure 10). This unit represents a folded Messinian thrust
top deposit and this constraint attributes this late folding stage to late Messinian-earliest
Pliocene time. As supported by subsurface data (Figures 3 and 13) the Gavignano klippe
was involved into the renewed deformation of the VR front, which would correspond
with the latest stage of thrusting and veining dated in [43] at the late Messinian on the
Massico Mt. (cf. Figure 2). Those absolute constraints can be used to review the regional
thrust kinematics. In this sense, the ages determined along the thrusts in areas more to
the south can be compared to what provided in [114]. These authors have attributed
a late Miocene-Pliocene age to the clayey matrix beneath the thrust at the front of the
Siserno Mt. Similar to what reported for the Chaotic complex in this work (Appendix B),
they have also reported that the exotic clasts are representative of a wide range of ages,
from Late Cretaceous (including Scaglia Rossa pelagic limestone) to early-middle Miocene.
The degree of fragmentation of microfauna embedded within the Chaotic complex [114]
suggests active deposition during the late Miocene-Pliocene as well. Therefore, we can
envisage a late involvement of Pliocene deposits into the reactivated thrust zones at the
VR front. In this interpretation, the Chaotic complex was already exhumed likely after the
strong erosion related to the Messinian salinity crisis [137–140], which also affected the
Ernici Mts [77], implying reactivation in the rear [49].

Figure 16. Sketch of relative timing and geometries of fore- and back-thrust involving different generations of thrusts
(1–4) within the Apennine wedge through time. Backthrusts generate at progressively lower depths, moving towards the
hinterland (to the left), due to the dip of the basal detachment.

In this context, the late Messinian shortening event could be correlated with the
late orogenic structures in the northern VR that are crossed by a series of SW-directed
backthrusts (Figure 11). In our interpretation, the SW-directed Montelanico-Carpineto back-
thrust cross-cuts the top-to-the (E)NE older Upper Volsci Thrust. Despite the lack of valu-
able data from the main lineament, minor thrusts show that top to the SW-backthrusting,
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could be accounted as partially reactivating the older fabric. Further, the fault strike
of the backthrusts diverges about 20◦ from the trend of the upper Volsci Thrust that is
underthrusted beneath the Eastern Lepini pop-up (Figures 5 and 11).

So far, scarce constraints of top-to-the-SW shear were found, although backthrusting
is possibly localized more to the NE of the studied area of Figure 11. Our stratigraphic
constraints (Appendix B) from the MVP conglomerate near Gorga, document Messinain
Lago-Mare conglomerates that are produced after iterative cannibalization of older wedge-
top deposits. The further occurrence of upper Messinian deposits in the Pian della Faggeta
area (Figure 5), is a possible clue indicating depositional activity on top of the Volsci
Range during the Messinian salinity crisis (5.96–5.33 Ma). During that time, the area was
exposed to linear erosion followed by the deposition of sandy gravels that Centamore et al.
(2010) dated at the early Pliocene (south of Castro dei Volsci; Figure 3). This implies that
the major valleys were already formed before the latest orogenic compressional events
affected both the VR and Latin Valley [117]. Field evidence in the rear (Figure 5), suggests
the presence of a major backthrust with transpressive kinematics further south, possibly
implying that a deeper backthrust affected the southwestern slope of the VR during the
early Pliocene. At that time, the Apennines experienced renewed shortening with frontal
thrusting accompanied by backthrusting and tilting toward the foreland to the northeast
(Figure 16).

During late orogenic deformation, thrust front migrated towards the outermost active
margin units (Figure 1), and the inherited fold-and-thrust belt of the external Apennines
was folded together with lower Pliocene syn-orogenic conglomerates (i.e., Rigopiano
conglomerate [30,78]). Meanwhile, the previous in-sequence structure of the internal
Apennines was truncated by triangle zones (Figure 12) and by more internal backthrusts
(e.g., in the Volsci Range, Figures 11 and 14).

In our interpretation (Figure 16), the backthrusting roots at deeper levels, by following
the dip of the basal detachment towards the backarc. In this sense, moving to the inner
parts of the wedge, the inner wedge is remobilized, affecting a larger volume with respect
to the external part. In the case of late orogenic deformation affecting only the sedimentary
cover, shortening localizes within the weakest stratigraphic levels, possibly by reactivating
the décollement of the older fore-thrusts [136,141–145], while in the rear faulting tends to
broaden and possibly involve also deeper structural levels.

Finally, Pleistocene to Holocene NW- and NE-trending normal faults deeply affected
the fold-and-thrust belt structure. In particular, the almost constant NE-dip shown by the
bedding planes of the studied carbonates might be interpreted as the result of the activity
of the major NW-striking and SW-dipping listric normal faults bordering the Pontina Plain,
which were also documented at depth [146].

6. Conclusions

This study contributes to constraining the timing of initiation and progressive develop-
ment of platform-derived thrust sheets, mélange units, foreland, foredeep, and wedge-top
sediments of the internal Central Apennines. The main phases of the evolution of the belt
are as follows:

1. Late Cretaceous extensional tectonics. The dismembering of the carbonate platform
into shallower and deeper domains is constrained by the finding of crustons that may
testify moments of subaerial exposure, characterizing the top of the Lower Volsci
UnItal. Cave exploration and field mapping allowed us to recognize a previously
unreported fault-controlled paleo-escarpment constituted by Cretaceous and Jurassic
carbonates sealed by early Miocene deposits that were previously dated as middle
Miocene. These units seal a hardground settling on a platform edge facing to the west,
where basinal to bypass slow-rate sedimentation occurred till Burdigalian time.

2. Tortonian Chaotic complex emplacement (Thrust-1) and foreland-directed (in-sequence)
thrust propagation (Thrust-2). During the overthrusting of the Upper Volsci Unit,
Paleogene to Neogene basinal deposits were squeezed off towards the Foredeep and
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juxtaposed as a mélange unit on top of the carbonate platform together with early
to middle Miocene calcareous-cherty-siliciclastics. The Chaotic complex also bears
highly deformed basinal exotic and native blocks of neritic carbonates, the latter being
scrapped off by the overthrust of the embedding Chaotic complex, whose Paleogene-
Miocene matrix includes up to Tortonian nannoplankton. Seismic analysis supported
by well logs at the regional scale highlighted repeated carbonate thrust sheets that
have first been involved into an initial in-sequence propagation towards the foreland
to the ENE occurred during foredeep to wedge-top sedimentation.

3. Intra Messinian thrusting (Thrust-3) breached the thrust front by doubling the flat of
previous thrust fronts. Subsurface data show that during alternated phases of wedge-
top deposition and erosion, the Upper Ernici unit was shortened approximately
5–8.5 km in the Latin Valley.

4. Messinian to early Pliocene backthrusting (Thrust-4). New biostratigraphic data
constrain the thrust top deposits in the Volsci Range and in the Latin Valley, where
SE-directed backthrusts contributed to the tilt and cross-cut of previous Thrust-2 and
-3 structures.

5. Late Pliocene to Holocene normal faulting. Post-shortening extension has determined
NE- and NW-striking orthogonal normal faults or WNW–ESE-trending right-lateral
transtensional faults. These faults may have locally intercepted pre-existing normal
faults that had been passively transported within the thrust sheets.

Finally, our findings bear implications on platform derived thrust sheets associated
with active margin successions and mélange units. The far-traveled thrust sheets, hereby
documented both in the field and in the subsurface, constitute a key aspect for the de-
velopment of the internal Apennines, whose degree of allochthony and role of inherited
structures was long debated. Furthermore, at the light of our new interpretation, the deeper
platform units could be a new focus for hydrocarbon accumulation and may provide targets
for geothermal and/or hydrocarbon research in the area. Beside the regional geological
aspects, this work bears implications on the modes of involvement of mélange units at the
transition from passive margin to foreland basin systems.
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Appendix A

In the following, we report the Biostratigraphic and lithostratigraphic data of outcrops
and stratigraphic units available from the literature related to syn-orogenic deposits shown
in the representative stratigraphic logs of Figure 2 in the main manuscript. The formation
labels are also related to Figure 2.

Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

1 Gavignano
R. klippe

41◦42′9.16”
N

13◦20′38.15”
E

Upper
Volsci unit DLA limestone Cisalveolina fraasi Cenomanian in situ [147]

41◦42′9.16”
N

13◦20′38.15”
E

Upper
Volsci unit MVP calcareous

conglomerate

Globorotalia apertura, G.
involuta, G. concinna,

Globigerina falconensis

uppermost
Tortonian-
lowermost
Zanclean

reworked
[103],
this

work

41◦42′9.16”
N

13◦20′38.15”
E

Upper
Volsci unit PGC polygenic

conglomerate no data
upper

Messinian
(?)

[103]

2
Colle Can-

tocchio
klippe

41◦34′29.48”
N

13◦0′1.49”
E

lower
Volsci unit RDT limestone

Dicyclina schlumbergeri,
Accordiella conica,

Orbitoides
Campanian in situ [93]

41◦34′29.48”
N

13◦0′1.49”
E

lower
Volsci unit CBZ calcarenite

echinid, Ditrupa,
Elphidium, bryozoa,

Miogypsina,
Amphistegina,

Operculina,
Heterostegina,
Lepidocyclina

Burdigalian in situ [93]; this
work

41◦34′29.48”
N

13◦0′1.49”
E

lower
Volsci unit UAM gray-yellowish

clay

Orbulina universa, O.
suturalis, O. bilobata,

Globorotalia aff.
Menardii, Globorotalia

opima, Globorotalia
scitula ventriosa,

Globigerinoides trilobus,
Globigerina eggeri,

Globigerina cf. Bulloides,
Globigerina concinna,

Globoquadrina dehiscens,
Globoquadrina altispira,
Bolivinoides miocenicus,

Valvulina pennatula
italica.

upper
Serravallian—
Tortonian

p.p.

reworked [93]

41◦34′29.48”
N

13◦0′1.49”
E

Upper
Volsci unit SBG? polygenic

breccia no data
Pliocene-

Pleistocene
(?)

reworked [93]

3 Carpineto
Romano

41◦35′17.12”
N

13◦06′15.66”
E

lower
Volsci unit RDT limestone rudist, Dicyclina

shlumbergeri, Rotalispira

Coniacian-
Campa-

nian
in situ [103]

41◦35′17.12”
N

13◦06′15.66”
E

lower
Volsci unit CBZ limestone

Amphistegina,
Heterostegina, briozoa,

Operculina, Miogyspina
globulina

Burdigalian—
Langhian in situ? [103]

41◦35′17.12”
N

13◦06′15.66”
E

Upper
Volsci unit RDT limestone Rotalispira maxima lower Cam-

panian

native
block

within C

this
work—
sample

LEP 17C
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Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

41◦35′17.12”
N

13◦06′15.66”
E

Upper
Volsci unit RDT

limestone
with iron

crust (ancient
karstifica-

tion ?)

Decastronema, ostracodae,
discorbidae Campanian

native
block

within C

this
work—
sample

LEP 18B

41◦35′17.12”
N

13◦06′15.66”
E

Upper
Volsci unit

Scaglia
s.l. limestone

Heteroelicidae,
Hantkeninidae,

Schackoina, Guembelina,
Clavihedbergella,

Globorotalia

Albian?;
Maastrichtian-

early
Eocene

exotic
block

within C
[71,148]

41◦35′17.12”
N

13◦06′15.66”
E

Upper
Volsci unit C glauconitic

calcarenite

Orbulina, Globigerinoides
sacculiferus,

Globoquadrina altispira,
Globigerina parabulloides,

Bigenerina nodosaria

upper
Serravallian-
Tortonian

p.p.

reworked This
work; [103]

41◦35′17.12”
N

13◦06′15.66”
E

Upper
Volsci unit UAM

marl with
cylindrites

and
calcarenite

Sphenolithus
heteromorphus,

Cyclicargolithus
floridanus,

Reticulofenestra
pseudoumbilicus,

Coccolithus miopelagicus,
Helicosphaera

walbersdorfensis,
Calcidiscus premacintyrei,

Neogloboquadrina
continuosa,

Neogloboquadrina
acostaensis.

upper Ser-
ravallian

exotic
block? [72]

4
Gorga,

Capezzenna
Mt.

41◦37′38.45”
N

13◦08′32.37”
E

lower
Volsci unit RDT limestone Rotalispira maxima,

Dicyclina schlumbergeri

Santonian-
Campa-

nian
in situ [103]

41◦37′38.45”
N

13◦08′32.37”
E

lower
Volsci unit MVP

marl pebble
in

conglomerate
Amaurolithus primus

uppermost
Tortonian—

basal
Pliocene

in situ
this

work—
GO2

41◦37′38.45”
N

13◦08′32.37”
E

lower
Volsci unit MVP

bioturbated
marl pebble

in
conglomerate

Discoaster surculus,
Helicosphera wallichii.

Calcidiscus leptoporus, C.
macintyrei, Coccolithus

pelagicus, Discoaster
multiradiatus,

Helicosphaera carteri,
Reticulofenestra minuta,

R. pseudombilicus,
Sphenolithus moriformis,
S. radians, Zygrhablithus

bijugatus

uppermost
Tortonian—

basal
Pliocene

in situ
this

work—
GO3

5
Gorga,

Rave St.
Marie

41◦39′36.01”
N

13◦07′9.51”
E

lower
Volsci unit RDT limestone Orbitoides medius,

Sivasella monolateralis Maastrichtian in situ [111]

41◦39′36.01”
N

13◦07′9.51”
E

lower
Volsci unit

Spirolina
lmst. limestone Spirolina, carofita lower

Eocene in situ [111]

41◦39′36.01”
N

13◦07′9.51”
E

lower
Volsci unit CBZ limestone

and marl

Cyclicargolithus
floridanus, Sphenolithus
conicus, Miogypsina cf.

globulina

lower
Miocene

(not
younger

than
middle
Burdi-
galian)

in situ
This

work—
LEP12C

41◦39′36.01”
N

13◦07′9.51”
E

lower
Volsci unit UAM marl with

cylindrites

Globorotalia menardii;
Globorotalia ventriosa,
Globigerina nepenthes

lower
Tortonian in situ [103]
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Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

6 Sgurgola 41◦40′38.97”
N

13◦9′34.03”
E

upper
Ernici unit CBZ limestone

Amphistegina,
Heterostegina, briozoa,
Operculina, Miogyspina
globulina, Cycloclypeus,

Globorotalia scitula,
Globigerinoides trilobus,

G. sacculifer, G.
bisphaericus, Orbulina

universa, Orbulina
suturalis, Globoquadrina
dehiscens, Globorotalia

mayeri

Langhian—
lower

Serraval-
lian

in situ [103]

41◦40′38.97”
N

13◦9′34.03”
E

upper
Ernici unit UAM marl with

cylindrites

Globorotalia menardii,
Globigerina nepenthes,
Globorotalia ventriosa,

Globorotalia acostaensis,
G. bulloides, G.

parabulloides, G.
pseudopachyderma, G.

apertura, Globigerinoides
obliquus, Globoquadrina

globosa, Orbulina
universa

upper
Serravallian—
Tortonian

p.p.

in situ [103]

41◦40′38.97”
N

13◦9′34.03”
E

upper
Ernici unit FFS

arenaceous-
argillous
turbidite

Globorotalia menardii,
Globigerina nepenthes,
Globorotalia ventriosa

upper
Tortonian in situ [103]

7 Ferentino 41◦41′22.95”
N

13◦14′41.78”
E

upper
Ernici unit RDT limestone

Rotalispira
scarsellai, Accordiella
conica, Cuvillierinella

salentina

middle
Campa-

nian
in situ [103]

41◦41′22.95”
N

13◦14′41.78”
E

upper
Ernici unit

Spirolina
lmst. limestone Spirolina, carofita,

discorbidae
lower

Eocene in situ [103]

41◦41′22.95”
N

13◦14′41.78”
E

upper
Ernici unit CBZ limestone

Amphistegina,
Heterostegina, briozoa,

Operculina, Miogyspina
globulina, Cycloclypeus,

Globorotalia scitula,
Globigerinoides trilobus,

G. sacculifer, G.
bisphaericus, Orbulina

universa, Orbulina
suturalis, Globoquadrina
dehiscens, Globorotalia

mayeri

upper
Langhian—

upper
Serraval-

lian

in situ [103]

41◦41′22.95”
N

13◦14′41.78”
E

upper
Ernici unit UAM marl with

cylindrites

Globorotalia menardii,
Globigerina nepenthes,
Globorotalia ventriosa,

Globorotalia acostaensis,
G. bulloides, G.

parabulloides, G.
pseudopachyderma, G.

apertura, Globigerinoides
obliquus, Globoquadrina

globosa, Orbulina
universa

upper
Serravallian—
Tortonian

p.p.

in situ [103]

41◦41′22.95”
N

13◦14′41.78”
E

upper
Ernici unit FFS

arenaceous-
pelitic

turbidite
no data upper

Tortornian [103]

8 Caccume
Mt. klippe

41◦34′46.13”
N

13◦14′0.62”
E

lower
Volsci unit RDT limestone

Rotalispira scarsellai,
Accordiella conica,
Thaumatoporella,

Nezzazatinella

Santonian—
Campanian in situ

this
work—
LEP1A-

C;
LEP27

41◦34′46.13”
N

13◦14′0.62”
E

lower
Volsci unit RDT

limestone
with iron
cruston

Rotalispira scarsellai,
Accordiella conica,
Thaumatoporella,

Nezzazatinella

Santonian—
Campanian in situ

this
work—
LEP1A-

C;
LEP28

41◦34′46.13”
N

13◦14′0.62”
E

upper
Volsci unit RDT rudstone Rotalispira maxima,

Accordiella conica Campanian
native
block

within C

this
work
LEP20
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Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

41◦34′46.13”
N

13◦14′0.62”
E

upper
Volsci unit C

glauconitic
calcarenite

with bryozoa;
white -mica-

bearingsandstone,
brownish

folded
calcareous
sandstone,

green
sandstone,
veined and

fracture
calcareous

marls;
pinkish marl,

Orbulina
Marl lenses

(Paleocene-
Serraval-

lian)
Tortonian

p.p.

exotic
block

within C

[45], this
work

9 Torrice 41◦38′1.75”
N

13◦24′27.41”
E

upper
Ernici unit FFS

pelitic-
arenaceous;
arenaceous

-pelitic facies

Glogerinoides extremus,
Globigerinoides obliquus,

Neogloboquadrina
acostaensis, Globorotalia

humerosa, Orbulina
suturalis, Orbulina

universa

upper
Tortonian—

basal
Messinian

in situ [64,129]

41◦38′1.75”
N

13◦24′27.41”
E

upper
Ernici unit MVP arenaceous-

pelitic facies

NN 11 la (CN 9a)
subzone. Discoaster cf.

quinqueramus and D. cf.
berggrenii

late
Tortonian in situ [35], this

work

10

Monte
San

Giovanni
Campano

41◦37′59.37”
N

13◦30′31.89”
E

upper
Ernici unit UAM

marly
limestone
and gray

marl

NN 11 la (CN 9a)
subzone. Discoaster cf.

quinqueramus and D. cf.
berggrenii

late
Tortonian in situ [87]

41◦37′59.37”
N

13◦30′31.89”
E

upper
Ernici unit FFS

arenitic
(sandstone)
and pelitic

facies

NN 11 la (CN 9a)
subzone. Discoaster cf.

quinqueramus and D. cf.
berggrenii

late
Tortonian in situ [87]

41◦37′59.37”
N

13◦30′31.89”
E

upper
Ernici unit MVP

clay with
gypsum,

sandstone
and

conglomerate

Turborotalia multiloba,
Aurila albicans,

Discoaster variabilis,
Discoaster intercalaris

lower
Messinian in situ [87]

11 Colle
Cavallaro

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

Briozoa-
bearing
detrital

limestone

Molluschi e di
Echinoderms, Elphidium

sp., Lagenidae,
Rotaliidae, Melobesie.

middle
Miocene reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C
Marly

gray-greenish
limestone

Heterohelix sp.,
Globigerinidae,
Globorotalia spp.

earliest
Paleocene reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C white
limestone

Ticinella sp., Gavelinella,
sp.

Aptian-
Albian reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C
Detrital-

organogen
limestone

Heterohelix, sp.,
Globigerinella sp.,

arenacous foraminifera

early
Paleocene reworked [114]

41◦30′53.47"N13◦26′25.33"E
Volsci
Thrust
Front

C

Oxided
detrital-

organogen
limestone

Briozoa, Globorotalia sp.
e Lagenidae Eocene reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C
cherty

limestone
ox-bearing

Radiolarians,
Lagenidae, Sponge

spiculae

(?)Oligocene—
early

Aquitanian
(?)

reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C
marl,

sandstone,
greenish clay

Globigerinidae,
Ammodiscus,

Haplophragmoides

late
Miocene-
earliest

Pliocene

reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

marl,
sandstone,

greenish clay
(matrix)

Rotalipora cfr.
appenninica,

Globotruncana lapparenti
lapparenti,

Cenomanian reworked [114]
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Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

marl,
sandstone,

greenish clay
(matrix)

Racemiguembelina
fructicosa Maastrichtian reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

marl,
sandstone,

greenish clay
(matrix)

Globigeraspis sp.,
Globigerina cfr. dissimilis,

Globorotalia aequa,
Globorotalia quetra

middle
-upper
Eocene

reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

marl,
sandstone,

greenish clay
(matrix)

Cassidulina subglobosa
horizontalis,

Globoquadrina dehiscens,
Globoquadrina cfr.

quadraria, Globigerinoides
bisphaericus

early
Miocene reworked [114]

41◦30′53.47”
N

13◦26′25.33”
E

Volsci
Thrust
Front

C

marl,
sandstone,

greenish clay
(matrix)

Haplophragmoides sp.,
Eggerella brady,

Nodosaria ovicula,
Elphidium complanatum,

Elphidium macellum,
Nonion boueanum,

Nonion umbilicatum,
Pullenia bulloides,
Plectofrondicularia

diversicostata,
Plectofrondicularia

semicosta, Orthomorphina
cfr. proxima, Robertina

bradyi, Bulimina aculeata,
Bulimina costata,

Bulimina fusiformis,
Bulimina inflata, Bolivina

arta, Bolivina cistina,
Bolivina punctata,

Bolivinoides miocenicus,
Uvigerina canariensis,
Uvigerina laviculata,
Uvigerina peregrina,

Uvigerina rutila,
Angulogenerina angulosa,

Valvulineria bradyana,
Valvulineria complanata,

Gyroidina longispira,
Gyroidina longispira
miocenica, Gyroidina
soldanii, Gyroidina
soldanii altiformis,

Eponides haidingeri,
Eponides umbonatus

stellatus, Rotalia beccarii
inflata, Siphonina

reticulata, Cassidulina
laevigata carinata,

Cassidulina oblonga,
Cassidulina subglobosa,
Sphaeroidina bulloides,
Globigerina bulloides,
Globigerina concinna,

Globigerina eggeri,
Sphaeroidinella cfr.

dehiscens, Globigerinoides
trilobus, Globigerinoides

rubra, Orbulina suturalis,
Catapsidrax unicavus,

Globigerinita
naparimaensis,
Globorotalia cfr.

bononiensis, Globorotalia
scitula, Globorotalia aff.

scitula, Globorotalia
mayeri

Pliocene? Not
reworked [114]

12
Vele Mt.
Thrust
ramp

41◦21′12.97”
N

13◦31′7.49”
E

Upper
Volsci unit LK limestone

Cladocoropsis mirabilis,
Salpingoporella dinarica,
Orbitolina lenticularis,
Cuneolina laurentii, C.

camposauri,
Salpingoporella annulata

uppermost
Jurassic—

lower
Cretaceous

in situ [102]
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Site
n◦

Group of
Localities

Latitude Longitude
Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

41◦21′12.97”
N

13◦31′7.49”
E

Upper
Volsci unit UK limestone

Accordiella conica,
Dicyclina schlumbergeri,

Sellialveolina viallii

Cenomanian-

Santonian
in situ [102]

41◦21′12.97"N13◦31′7.49"E Upper
Volsci unit C clay mélange no data reworked [102]

13 Leucio Mt.
klippe

41◦28′0.12”
N

13◦37′5.79”
E

Upper
Volsci unit LK limestone

Cladocoropsis mirabilis,
Salpingoporella dinarica,
Orbitolina lenticularis,
Cuneolina laurentii, C.

camposauri,
Salpingoporella annulata

Uppermost
Jurassic—

lower
Cretaceous

in situ [102]

41◦28′0.12”
N

13◦37′5.79”
E

Upper
Volsci unit C clay mélange no data

upper
Tortonian—

lower
Messinian

[102]

14 Formia-
Maranola

41◦17′23.93”
N

13◦36′35.81”
E

lower
Volsci unit UK limestone

Accordiella conica,
Rotalispira scarsellai,

Dicyclina schlumbergeri,
Moncharmontia

apenninica

Santonian—
Campanian in situ [115]

41◦17′23.93”
N

13◦36′35.81”
E

lower
Volsci unit UK

limestone
with iron

crust

Scandonea; Ticinella sp.,
Hedbergella sp.

Campanian?-
early

Eocene?
[63,115]

41◦17′23.93”
N

13◦36′35.81”
E

lower
Volsci unit C

sitly clays,
marls and
sandstone;

Pietra
paesina;

Scaglia-type
limestone;

marly
limestones

and
Mg-bearing
sandstones

radiolarians,
heterohelicidae,
Globotruncana,

Hedbergella,
Globigerinoides sp.

lagenidae,
globigerinidae

exotic
blocks [115]

41◦17′23.93”
N

13◦36′35.81”
E

lower
Volsci unit MVP

mica-rich
silty clays

and argillous
sands with

gypsum

Glorotalia,
globorotaloidea,

Globorotalia incompta, G.
mayeri, G. obesa, G.

pseudopachyderma, G.
scitula, Globigerinoides

spp., Globigerina
quinqueloba, Orbulina sp.

middle to
upper

Messinian
in situ [115]

41◦17′23.93”
N

13◦36′35.81”
E SBG polygenic

breccia

Bolivina leonardi,
Cibicides italicus,

Elphidium complanatuma,
lenticulina clerici,

Marginulina costata,
Nodosaria pentecostata,

Glorotalia puncticulata, G.
bononiensis

uppermost
Messinian—

lower
Pliocene

in situ [115]

15 Spigno
Saturnia

41◦18′45.84”
N

13◦41′59.17”
E

lower
Volsci unit RDT limestone Rotorbinella scarsellai,

Accordiella conica
Aptian-

Turonian in situ [96]

41◦18′45.84”
N

13◦41′59.17”
E

lower
Volsci unit RDT

limestone
with iron

crust
no data [115]

41◦18′45.84”
N

13◦41′59.17”
E

lower
Volsci unit C

sitly clay,
marl and

sandstone;
Pietra

paesina;
Scaglia-type
limestone;

marly
limestones

and
Mg-bearing
sandstones

radiolarians,
heterohelicidae,
Globotruncana,

Hedbergella,
Globigerinoides sp.,

lagenidae,
globigerinidae

exotic
blocks [115]
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Tectonic

Unit
Formation Lithology Biomarkers Age Range Comments Author

16
Torrente
ausente
Valley

41◦21′53.62”
N

13◦43′55.16”
E

upper
Ernici unit CBZ limestone Amphistegina, Elphidium,

Heterostegina, Gypsina

lower
Aquitanian—

lower
Serraval-

lian
(?)

in situ [149]

41◦21′53.62”
N

13◦43′55.16”
E

upper
Ernici unit UAM marl with

cylindrites

Orbulina universa, O.
suturalis, Globorotalia
menardii, Globorotalia

scitula ventriosa,
Globigerinoides trilobus,
Globigerina cf. bulloides,

Globigerina concinna,
Globoquadrina dehiscens

Serravallian
p.p.—

Tortonian
p.p.

in situ [115]

41◦21′53.62”
N

13◦43′55.16”
E

upper
Ernici unit FFS

sandstone
with

olistolites
and

olistostromes

Globorotalia menardii,
Globigerina nepenthes,

Globorotalia ventriosa, G.
parabulloides,

Globigerinoides obliquus,
Globoquadrina globosa

upper
Tortonian

in situ
with

native
blocks

[115]

41◦21′53.62”
N

13◦43′55.16”
E

upper
Ernici unit MVP

calcarenite
and

conglomerate
with quartz

grains

Amphistegina, Elphidium,
Textularidae, Miliolidae,

Globigerinidae,
Globotruncane,

Nummulites

lower
Messinian reworked [115,116,

150]

41◦21′53.62”
N

13◦43′55.16”
E

upper
Ernici unit MVP

subordianate
marl and
gypsum

towards the
top

Globorotalia acostaensis,
Globigerina bulloides,

Globigerina vanazuelana,
Orbulina bilobata,
Orbulina suturalis,
Orbulina universa

lower
Messinian in situ [115]

17 Castelforte 41◦17′55.49”
N

13◦49′54.89”
E

upper
Ernici unit RDT limestone

Accordiella conica,
Rotalispira scarsellai,

Dicyclina schlumbergeri,
Moncharmontia

apenninica, Laffitteina

Santonian-
Maas-

trichtian
in situ [113]

41◦17′55.49”
N

13◦49′54.89”
E

upper
Ernici unit

Spirolina
lmst. limestone

Spirolina, Coskinolina
liburnica, Alveolina

ellipsoidalis

upper
Paleocene—

lower
Eocene

in situ [113]

41◦17′55.49”
N

13◦49′54.89”
E

upper
Ernici unit CBZ limestone Amphistegina, Cibicides,

Operculina, Eponides

Langhian
(?)—

Serravallian
p.p.

in situ [115]

41◦17′55.49”
N

13◦49′54.89”
E

upper
Ernici unit UAM marl and

sandstone

Orbulina universa, O.
suturalis, Globorotalia
menardii, Globorotalia

scitula ventriosa,
Globigerinoides trilobus,
Globigerina cf. bulloides,

Globigerina concinna,
Globoquadrina dehiscens

Serravallian
p.p.—

Tortonian
p.p.

in situ [115]

41◦17′55.49”
N

13◦49′54.89”
E

upper
Ernici unit FFS

arenaceous
-siltous clay

turbidite
no data Tortonian [115]

18 Massico
Mt.

41◦9′39.27”
N

13◦54′16.24”
E

upper
Ernici unit

?
RDT limestone Dicyclina schlumbergeri,

Accordiella conica, rudist Campanian in situ [37]

41◦9′39.27”
N

13◦54′16.24”
E

upper
Ernici unit

?
CBZ limestone Amphistegina, bryozoa,

Ditrupa, ostreidae
Burdigalian—
Langhian in situ [37]

41◦9′39.27”
N

13◦54′16.24”
E

upper
Ernici unit

?
UAM marls and

sandstone
Orbulina, Globorotalia

menardii

Serravallian—
lower

Tortonian
p.p.

in situ [37,115]

41◦9′39.27”
N

13◦54′16.24”
E

upper
Ernici unit

?
FFS

clay and
sandstone

with
olistolithes

Globorotalia mayeri, G.
scitula, Globigerinoides
trilobus, Bolivina sp.,

Discoaster brouweri, D.
variabilis, D. surculus,
Helicosphaera wallichii,

Sphenolithus abies

upper
Tortonian—

lower
Messinian(?)

in situ [37,115]
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Appendix B

In the following, we report the new Stratigraphic constraints and age determination of
the samples collected from twenty-five different localities in the study area representative
stratigraphic logs of Figure 2 in the main manuscript.

Sampling
Locality

Latitude Longitude Sample Fm Lithology
Texture and
Components

Biomarker Age Range

Gavignano,
Contrada
Fornarelli

41◦41′54”
N

13◦3′30”
E LEP9A MVP

Calcarenitic/arenitic
matrix with aboundat

quartz grains

Elphidium and
Amphistegina; clasts of
Cretaceous age (with
Rotalispira) and clasts

with Orbulina

Late Miocene

41◦41′54”
N

13◦3′30”
E LEP9A2 MVP

Calcarenitic/arenitic
matrix with aboundat

quartz grains

reworked Elphidium e
Amphistegina and

clasts with planctonic
forams

Late Miocene

Gavignano,
promenade

41◦42′10”
N

13◦2′39”
E LEP10B MVP

Lithoclast of Rudist
(radiolitids) limestone

with benthic
foraminifera

Peloidal packstone
with Rotalispira

Moncharmontia apenninica,
Rotalispira

Coniacian-
Campanian

41◦42′10”
N

13◦2′39”
E LEP10A MVP

Calcarenitic/arenitic
matrix with aboundat

quartz grains

reworked Elphidium e
Amphistegina and

clasts with planctonic
forams

Late Miocene

41◦42′10”
N

13◦2′39”
E LEP10 MVP

Lithoclast wackestone
with planktonic

foraminifera
Orbulina Orbulina Serravallian-

Tortonian

41◦42′8.67”
N

13◦2′38.40”
E LEP10L MVP Calcarenitic/arenitic

matrix

Coccolithus pelagicus, Discoaster
surculus, Helicosphaera wallichii,

Reticulofenestra bisecta,
Reticulofenestra minuta

uppermost
Tortonian—
lowermost
Zanclean

41◦42′11.18”
N

13◦2′42.66”
E LEP10M MVP Marl and clay

Amaurolithus primus,
Coccolithus pelagicus, Discoaster

surculus, Discoaster variabilis,
Nicklithus amplificus,

Sphenolithus abies

Messinian

Bassiano,
Colle

Cantocchio

41◦34′28.33”
N

13◦0′02.26”
E LEP8A CBZ

Conglomerate of
calcarenitic pebbles

with glauconite

Pebbly grainstone
with echinid,

ditrupae, Elphidium,
bryozoa, Miogypsina,

Amphistegina,
Operculina,

Heterostegina,
Lepidocyclina

Miogypsina, Elphidium, bryozoa early Miocene

41◦34′28.33”
N

13◦0′02.26”
E LEP8C CBZ

Conglomerate of
calcarenitic pebbles

with glauconite

matrix made up with
echinoderm and

ostreid fragments
with reworked

Cretaceous clasts
with Thaumatoporella

orpeloidal facies

Ostreid and echinoderms early Miocene

41◦34′32”
N

13◦0′9”
E LEP16 CBZ Conglomerate with

Cretaceous clasts

Echinid, Elphidium,
bryozoa,

Amphistegina,
Heterostegina,
Lepidocyclina

Elphidium, Amphistegina early Miocene

Bassiano,
Colle

Cantocchio
Bat Cave

41◦34′31.92”
N

13◦0′2.08”
E LEP49d UAM Clay within thrust

Braarudosphaera bigelowii,
Catinaster cf. coalitus, C. cf.

glenos, Coccolithus cf.
eopelagicus, C. cf. miopelagicus,
C. pelagicus, Cyclicargolithus

abisectus, Cy. floridanus,
Helicosphaera carteri, H.

walberdosfensis, Ortorhadus cf.
rugosus, O. serratus,

Pontosphaera multipora,
Reticulofenestra bisecta, R. cf.

dictyoda, R. minuta, R. cf.
pseudoumbilicus, Sphenolithus

moriformis, S. radians,
Triquetrorhabdulus carinatus, T.
challegeri, Watznaueria barnesiae

Mesozoic,
Paleocene-

Eocene;
Oligocene-

middle
Miocene;

Serravallian-
Tortonian?
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Locality

Latitude Longitude Sample Fm Lithology
Texture and
Components

Biomarker Age Range

41◦34′31.92”
N

13◦0′2.08”
E LEP49f UAM Clay beneath thrust

Braarudosphaera bigelowii,
Calcidiscus leptoporus, Catinaster

cf. coalitus, C. glenos,
Chiasmolithus sp., Coccolithus cf.
eopelagicus, C. cf. miopelagicus,

C. pelagicus, C. tenuiforatus,
Cruciplacolithus sp.,

Cyclicargolithus abisectus, Cy.
floridanus, Discoaster cf.

deflandrei, D. multiradiatus gr.,
D. sp., Helicosphaera carteri, H.
walberdosfensis, Nannotetrina
fulgens, Ortorhadus serratus,

Pontosphaera multipora,
Reticulofenestra bisecta, R. cf.

dictyoda, R. minuta, R. cf.
pseudoumbilicus, Sphenolithus

moriformis, S. radians,
Triquetrorhabdulus carinatus,

Watznaueria barnesiae,
Zygrhablithus bijugatus

Mesozoic,
Paleocene-

Eocene;
Oligocene-

middle
Miocene;

Serravallian-
Tortonian?

Bassiano,
Colle

Cantocchio
near top

41◦34′29”
N

13◦0′9”
E LEP15 SBG Breccia with Mesozoic

clasts

Reddish matrix with
echinoderm
fragments

echinoderms

Gorga,
Rave Santa

Maria

41◦39′18”
N

13◦7′18”
E

LEP
14B UK Grainstone/ Packstone

with rudists
Rotalispira and

ostracods Rotalispira Campanian

41◦39′35”
N

13◦7′8”
E LEP12A UK Calcarenite with

resedimented rudist

bioclastic detritus
(echinoderms) with

Orbitoides and
Murciella

Orbitoides and Murciella

Upper
Campanian-

lower
Maastrichtian

41◦39′35”
N

13◦7′8”
E LEP12B CBZ

Breccia of encrusted K
pebbles, calcarenitic

matrix

Bivalve, echinoid
fragments and

reworked Cretaceous
clasts

early Miocene

41◦39′35”
N

13◦7′8”
E LEP12C CBZ Marl level with tiny

limestone clasts
Cyclicargolithus floridanus,

Sphenolithus conicus

not younger
than middle
Burdigalian

Gorga,
Capezzenna

Mt.

41◦39′6.86”
N

13◦4′22.07”
E GO2 MVP Marly lens within

conglomerate Amaurolithus primus

uppermost
Tortonian—
lowermost
Zanclean

41◦39′6.86”
N

13◦4′22.07”
E GO3 MVP Marly clast within

conglomerate
Clast with Chondrites

bioturbations

main markers: Discoaster
surculus, Helicosphera wallichii.
Other components: Calcidiscus

leptoporus, C. macintyrei,
Coccolithus pelagicus, Discoaster

multiradiatus, Helicosphaera
carteri, Reticulofenestra minuta,
R. pseudombilicus, Sphenolithus

moriformis, S. radians,
Zygrhablithus bijugatus

upper
Tortonian

Marroni,
Morolo

41◦39′38.68”
N

13◦10′27.54”
E LEP72 FFS Marl and clay

Discoaster variabilis,
Helicosphaera carteri,

Reticulofenestra bisecta, R.
minuta, Sphenolithus procerus,

Zygrhablithus bijugatus

not older than
upper

Tortonian

Colle
Fatuccio,
Ferentino

41◦40′21.60”
N

13◦13′45.14”
E LEP73 FFS Marl and clay Crustaceans

bioturbations sterile

Carpineto,
Pian della

Faggeta

41◦34′34”
N

15◦06′53”
E LEP17C UK Carbonatic breccia at

the top of a lithon

Packstone with
Rudist and

foraminifera
Rotalispira Santonian-

Campanian

41◦34′34”
N

16◦06′53”
E LEP17D C Fine-grained calcarenite

lens

Grainstone-packstone
with Amphistegina,
Miogypsinids and

echinoderm
fragments

Miogypsinids early Miocene

41◦34′34”
N

15◦06′53”
E LEP17E C

Microconglomerate lens
with carbonatic and
crystalline pebbles

sterile
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Locality

Latitude Longitude Sample Fm Lithology
Texture and
Components

Biomarker Age Range

41◦34′34”
N

15◦06′53”
E LEP17F C

Sandstone with
carbonatic e and
crystalline clasts

sterile

41◦34′35”
N

18◦06′41”
E LEP18B UK

sStriated carbonate
cruston at the top of a

lithon

Wackestone with
Decastronema,

ostracoda,
discorbidae

Decastronema Upper
Creteceous

41◦34′35”
N

18◦06′41”
E LEP18D C Microconglomerate lens

with crystalline clasts

Coccolithus pelagicus,
Cyclicargolithus abisectus, Cy.
floridanus, Reticulofenestra cf.

pseudoumbilicus

early
Miocene?

41◦34′33”
N

19◦06′39”
E LEP19A UK

Rudist
rudstone/floatstone at

the top of a lithon
rudists Upper

Cretaceous

41◦34′33”
N

19◦06′39”
E LEP19B UK Carbonate breccia

Wackestone with
Thaumatoporella, and
benthic foraminifera

Nezzazatinella, Rotalispira Coniacian-
Campanian

Patrica,
Caccume
Mt. north

41◦34′46.50”
N

13◦13′58.92”
E CC20 UK Limestone

Wackestone with
Thaumatoporella, and
benthic foraminifera

Accordiella conica, Rotalispira
maxima

Santonian
Campanian

41◦34′46.50”
N

13◦13′58.92”
E CC21 UK Limestone breccia on

top

Wackestone with
Thaumatoporella, and
benthic foraminifera

Nezzazatinella, Rotalispira
maxima

Santonian
Campanian

41◦34′46.50”
N

13◦13′58.92”
E CC23 UK Limestone breccia on

top

Wackestone with
Thaumatoporella, and
benthic foraminifera

Rotalispira maxima Santonian
Campanian

41◦34′39.30”
N

13◦14′3.01”
E CC24 UK Cataclastic limestone Cenomanian?

41◦34′47”
N

13◦13′59”
E LEP1A UK Limestone below

unconformity

Benthic foraminifera
and small debris of

rudist shells
fragments

Accordiella conica and Rotalispira
maxima Campanian

41◦34′47”
N

13◦13′59”
E LEP1B UK Dolomitic limestone

above unconformity
Upper

Cretaceous?

41◦34′47”
N

13◦13′59”
E LEP1C UK Encrusted carbonatic

breccia on top

Wackestone with
benthic foraminifera,

few intraclasts
Rotalispira scarsellai Santonian-

Campanian

41◦34′47”
N

13◦13′59”
E LEP20 UK Limestone breccia

within Chaotic complex

Wackestone with
benthic foraminifera,
Cretaceous intraclasts

Rotalispira maxima and
Accordiella conica Campanian

41◦34′32′ ′ 13◦14′5′ ′ LEP68a C Clay

Coccolithus pelagicus, C.
miopelagicus, Cyclicargolithus

abisectus, Cy. floridanus,
Discoaster sp., D. berggrenii, D.

brouweri, D. deflandrei, D.
formosus, D. multiradiatus, D.

pentaradiatus, D. quinqueramus,
D. variabilis, Helicosphaera recta,

H. stalis, H. walberdosfensis,
Orthorhabdus rugosus,

Reticulofenestra bisecta, R.
minuta, R. pseudoumbilicus,

Reticulofenestra sp.,
Sphaenolithus abies, S.

ciperoensis, S. disbelemnos, S.
heteromorphus, S. moriformis,

Zygrhablithus bijugatus

Paleocene-
Eocene;

Oligocene-
early Miocene;

middle
Miocene;

upper
Tortonian—
Messinian?

Giuliano di
Roma,

Caccume
Mt. east

41◦34′19”
N

13◦14′55”
E LEP27B UK Limestone below

unconformity
Packstone with

benthic foraminifera Rotalispira scarsellai
Upper

Turonian-
Campanian

41◦34′19”
N

13◦14′55”
E LEP27C2 UK Breccia above

unconformity
Santonian-

Campanian

41◦34′19”
N

13◦14′55”
E LEP27D UK Limestone

Packstone with algae
and benthic
foraminifera

Thaumatoporella, Rotalispira
scarsellai, Rotalispira maxima,

Moncharmontia apenninica

Santonian-
Campanian

Giuliano di
Roma,

Caccume
Mt. east

41◦34′19”
N

13◦14′55”
E LEP27F UK Limestone Wackestone with

benthic foraminifera
Nezzazatinella, Rotalispira,

Pseudocyclammina sphaeroidea
Turonian-
Santonian

Giuliano di
Roma,

Caccume
Mt.

Scorciapane

41◦34′
14.93′ ′ N

13◦13′
54.82′ ′ E LEP67 C Clay beneath thrust sterile
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Sampling
Locality

Latitude Longitude Sample Fm Lithology
Texture and
Components

Biomarker Age Range

Giuliano di
Roma,

Caccume
Mt. west

41◦34′40′ ′N 13◦13′23′ ′E LEP69a C Clay

Calcidiscus leptoporus,
Clarolithus ellipticus, Coccolithus

pelagicus, C. miopelagicus, D.
berggrenii, D. brouwerii, D.
decorus, D. deflandrei, D.

multiradiatus, D. pentaradiatus,
D. quinqueramus, D. variabilis,

Orthorhabdus rugosus, O.
striatus, Pontosphaera discopora,

P. multipora, Reticulofenestra
bisecta, R. minuta, R.

pseudoumbilicus, Sphaenolithus
abies, S. moriformis,

Zygrhablithus bijugatus

Paleocene-
Eocene;

Oligocene-
early Miocene;

middle
Miocene;

upper
Tortonian—
Messinian?

Giuliano di
Roma,

Siserno Mt.

41◦32′17”
N

13◦18′02”
E

LEP
30 UK Limestone Wackestone with

Ostracods ostracods Campanian?

41◦32′17”
N

13◦18′02”
E

LEP
31 UK Limestone

Mudstone with
Dolomitized

intraclasts

Upper
Cretaceous

41◦32′17”
N

13◦18′02”
E

LEP
32 UK Limestone

Wackestone with
miliolidae, ostracoda
and dolomite crystals

ostracods and miliolids Campanian

41◦32′17”
N

13◦18′02”
E

LEP
32B UK Limestone

Wackestone with
miliolidae, ostracoda,

discorbidae and
porcelaneous
foraminifera

ostracods and miliolids Campanian

Patrica, il
Patricano

41◦33′4.78”
N

13◦16′2.89”
E LEP36 UK Limestone Wackestone with

iscorbidae discorbidae Campanian

41◦34′17”
N

13◦15′54”
E LEP39A UK Limestone

Wackestone with
rudist fragments,

miolidae, ostracoda
and Thaumatoporella

ostracods and discorbide Campanian

41◦34′17”
N

13◦15′54”
E LEP39B UK Limestone

Wackestone with
ostracods and

miliolidae

Rotalispira scarsellai, Accordiella
conica, Campanian

41◦34′20”
N

13◦15′55”
E

LEP
40A UK Limestone

Wackestone/Packstone
with ostracods and

discorbidae

Thaumatoporella, Nezzazata,
Moncharmontia apenninica Campanian

Giuliano di
Roma west

41◦33′7′ ′ 13◦16′10′ ′ LEP70 C Marl and clay

Coccolithus pelagicus,
Reticulofenestra bisecta, R.

minuta, Sphenolithus moriformis,
Zygrhablithus bijugatus

Paleocene-
Tortonian

Frosinone,
Le Fornaci

cinema

41◦37′4.88”
N

13◦20′26.32”
E LEP71 FFS Marl and pelite with

coal

Coccolithus pelagicus,
Cyclicargolithus abisectus,
Reticulofenestra bisecta, R.
minuta, Pontosphaera sp.

Oligocene-
early Miocene;

Tortonian?
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Abstract: In SW Piemonte the Western Alps arc ends off in a narrow, E-W trending zone, where some
geological domains of the Alps converged. Based on a critical review of available data, integrated with
new field data, it is concluded that the southern termination of Western Alps recorded the Oligocene-
Miocene activity of a regional transfer zone (southwestern Alps Transfer, SWAT) already postulated
in the literature, which should have allowed, since early Oligocene, the westward indentation of
Adria, while the regional shortening of SW Alps and tectonic transport toward the SSW (Dauphinois
foreland) was continuing. This transfer zone corresponds to a system of deformation units and
km-scale shear zones (Gardetta-Viozene Zone, GVZ). The GVZ/SWAT developed externally to the
Penninic Front (PF), here corresponding to the Internal Briançonnais Front (IBF), which separates
the Internal Briançonnais domain, affected by major tectono-metamorphic transformations, from the
External Briançonnais, subjected only to anchizonal metamorphic conditions. The postcollisional
evolution of the SW Alps axial belt units was recorded by the Oligocene to Miocene inner syn-orogenic
basin (Tertiary Piemonte Basin, TPB), which rests also on the Ligurian units stacked within the
adjoining Apennines belt in southern Piemonte. The TPB successions were controlled by transpressive
faults propagating (to E and NE) from the previously formed Alpine belt, as well as by the Apennine
thrusts that were progressively stacking the Ligurian units, resting on the subducting Adriatic
continental margin, with the TPB units themselves. This allows correlation between Alps and
Apennines kinematics, in terms of age of the main geologic events, interference between the main
structural systems and tectonic control exerted by both tectonic belts on the same syn-orogenic basin.

Keywords: tectonics; sedimentation; exhumation; Western Alps; Apennines

1. Introduction

In the southern part of the Piemonte region (NW Italy) the Western Alps arc ends in a
narrow, E-W trending zone (here named “southern termination of Western Alps”), where
some of the main geologic domains of the Alps are now strictly juxtaposed. The Alps and
the Apennines presently join in southern Piemonte where they have been intergrowing
since the Paleogene: see [1–10] with references therein.

The southern termination of the Western Alps consists of three main geomorphologic
sectors: a northwestern sector comprised between the Maddalena Pass and the Stura di
Demonte valley, a central sector comprehending the Gesso Valley and extended eastward
to the Tenda Pass and Vermenagna valley, and an eastern part, the western Ligurian Alps,
here considered as the mountain range comprised between the Tenda Pass and the Tanaro
valley (Figure 1). This region is very well suited for studying the relations between the Alps
and the Apennines orogenic systems in terms of both the age of formation and the way in
which the two main tectonic belts developed. This is mainly because: (i) the Maritime and
Ligurian Alps formed later than other sectors of Western Alps [11–14]; (ii) they preserve,
on top of their polymetamorphic basements, extensive Mesozoic to Oligocene sedimentary
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successions, which provide chronological constraints to the reconstruction of the regional
tectono-sedimentary evolution, and (iii) the adjoining syn-orogenic basins recorded the
tectonic history of both the two belts.

At the crustal scale, the SW Alps are interpreted as a composite tectonic belt detached
at a depth of about 15 km in its north-eastern part and 5 km in the southwestern part,
on the European crust. A high-density body (southern prolongation of the Ivrea body
Auct.) occurs at a depth of about 40 km below the eastern margin of the SW Alps in
southern Piemonte (Figure 2). The Ivrea body could have played an important role in the
postcollisional Alpine tectonic evolution [15–17].

The first part of this paper concerns the analysis of the concepts (e.g., the Penninic
Front and the Briançonnais Front) used in the literature to subdivide the SW Alps orogenic
belts into domains that have different paleogeographic pertinence and/or show different
geodynamic evolution, so that their effective relations with the other sectors of the Western
Alps can be clearly defined. Once the main Alpine subdivisions are traced within the study
area, a further analysis is carried out in the second part of the paper investigating how,
when and at which extent the SW Alps were involved in the Apennine dynamics, which
started during the late Oligocene when the westward-directed subduction of the Adriatic
plate began [11–14,18].

This paper is thus based on the assumption that the evolution of the north-westernmost
part of the Apennines can be studied referring to Alpine geodynamics because, although
the Alps and the Apennines are two distinct geomorphologic and geophysical entities at
the scale of the Western Mediterranean area [14], they share consistent kinematic evolution
and common synorogenic basins in their junction zone of NW Italy. The steps of the
Alps-Apennines evolution have been clearly recorded by a set of regional scale Oligocene
to Pleistocene unconformities that can be continuously traced at surface in the southern
part of the Piemonte region and in the subsurface of the western Po plain [19].

2. Geological Setting of the Southern Termination of the Western Alps

The southern termination of the Western Alps comprehends several tectonic units
juxtaposed by NW-SE striking, mainly steeply dipping Alpine tectonic contacts. These
units constitute the southern part of a double vergent structure developed at the regional
scale [20,21] that involves the Briançonnais Domain in the internal northeastern side, and
the Dauphinois-Provençal Domain in the external southwestern side [22,23]. The Briançon-
nais Domain, referred to as the distal part of the European continental palaeomargin of the
Alpine Tethys [24], is subdivided by the Internal Briançonnais Front into an internal sector
(Internal Briançonnais, mostly cropping out in the Cottian and Ligurian Alps) affected by
HP-LT metamorphism [21], and an external sector affected by very low-grade metamor-
phism [25,26]. The Dauphinois-Provençal Domain, representing the proximal part of the
European continental palaeomargin, was affected only by anchizone metamorphism, and is
bounded along its inner side by the External Briançonnais Front. It may be subdivided into
a basinal area where a several km-thick and clay-rich Mesozoic succession was deposited
(Dauphinois succession), and a shallow water area, which is characterized by a reduced
succession with carbonate platform facies (Provençal succession).

The more eastern part of the Western Alps southern termination, i.e., the western
Ligurian Alps, shows a tectono-metamorphic and geometric setting [23,25–29] quite similar
to that of the southern Cottian and Maritime Alps, although the fan-like, double-vergent
structure is less pronounced than in the Maritime and southern Cottian Alps.

Finally, to the south of the External Briançonnais Front, in the investigated area the
Western Ligurian Flysch units are present. These units, made up of Helminthoides Flysch-
type successions [22,30–32] (also known as “Embrunais–Ubaye nappes” north of the Ar-
gentera Massif [33,34] and San Remo-M.Saccarello Unit to the SE of it [29,35,36]) are a stack
of tectonic units composed of Lower Cretaceous–Lower Paleocene deep-water sediments
referred to as the proximal Ligurian Domain and detached from their original substrate
(i.e., the European continental margin). In the study area, the Western Ligurian Flysch,
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which were detached and emplaced in the early stages of the alpine tectonics [37], were
later thrust over the Alpine Foreland Basin and/or the Dauphinois-Provençal succession,
and are in turn involved in the Dauphinois-Briançonnais fold and thrust belt [23].

Tectono-Stratigraphic Evolution of the Southern Termination of the Western Alps

In the southern termination of the Western Alps, the Briançonnais domain represents
a part of the more internal, uplifted sector, of the European distal margin, close to the
Mesozoic Tethyan ocean (residual H-block [38,39]). The polymetamorphic Briançonnais
basement crops out discontinuously in the Acceglio zone where it consists of micaschists,
metabasites and granite. The overlying succession starts with Permian volcanic and vol-
caniclastic deposits and Lower Triassic fluvial to littoral conglomerate, quartzite sandstone
and lagoonal pelite, followed by a Middle Triassic peritidal carbonate succession. The
top of the Triassic succession is truncated by an unconformity due to a regional uplift
and related subaerial exposure during the Tethyan syn-rift stage [40–42]. The succession
continues with Middle Jurassic platform carbonates and Upper Jurassic pelagic plateau
limestone, followed by mineralised Lower Cretaceous hard ground and Upper Cretaceous
hemipelagic sediments.

The Dauphinois-Provençal domain represents the proximal margin of the Mesozoic
Tethyan ocean [43,44] developed above the continental crust (i.e., the Argentera Massif in
the study area). The succession starts with Carboniferous–Permian continental sediments
and Lower Triassic coastal and lagoonal deposits, followed by Middle Triassic peritidal
carbonates and Upper Triassic evaporites and lagoonal pelites. Starting from the Late
Triassic–Early Jurassic, the Dauphinois-Provençal domain was affected by intracontinental
rifting, and partitioned into fault-bounded rift-basins [41]. From the Early Jurassic to
Early Cretaceous, the rift basins (Dauphinois domain) progressively subsided, and thick
successions of deep-water marl, limestone and shale with interbedded resedimented
calcirudite and calcarenite layers were deposited. Toward the south the Dauphinois domain
passed laterally to a structural high (Provençal domain) that remained during the Middle
Jurassic-earliest Cretaceous in shallow water conditions with the development of carbonate
platforms [45]. In the Valanginian, the carbonate platform drowned and was covered by
a few metres to a few tens of metres of condensed, open marine deposits locally rich in
authigenic minerals (Hauterivian-Albian; [35,46]). The Dauphinois-Provençal succession
ends with Upper Cretaceous hemipelagic marly limestone, locally rich in resedimented,
mainly siliciclastic, layers [27,47,48].

The present geological setting of the Briançonnais and Dauphinois-Provençal domains
of the southern termination of the Western Alps is mainly due to the progressive involve-
ment of the European continental palaeomargin, which these domains belonged to in the
Alpine tectonic belt since the middle Eocene (e.g., [34]). The first stages of this tectonic
evolution caused the development, on top of the Mesozoic succession, of a regional uncon-
formity corresponding to a hiatus spanning the latest Cretaceous–middle Eocene, overlain
by the Alpine Foreland Basin succession [49], middle Eocene discontinuous continental to
lagoonal deposits (Microcodium Formation), middle Eocene mixed carbonate–siliciclastic
ramp deposits (Nummulitic Limestone), upper Eocene hemipelagic sediments (Globigerina
Marl) and upper Eocene–lower Oligocene turbidite succession (Grès d’Annot, [50]).

Both the continental margin and the foreland basin successions have experienced,
since the latest Eocene, a multistage tectonic evolution characterized first by southwestward
brittle–ductile thrusting and superposed foldings, then by northeastward back-vergent
folding and, lastly, by southward brittle thrusting and flexural folding [23]. The regional
structural setting resulted from a transpressional regime [23,25,51], documented by a post-
early Oligocene NW-SE transcurrent shear zone (Limone Viozene Zone) extending for
some tens of kilometres through the study area. This shear zone is probably superimposed
on a long-lived shearing corridor, active since the Jurassic–Cretaceous and reactivated
during the Cenozoic [23,52].
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In the southern termination of the Western Alps, the Alpine Foreland Basin succession
is overthrust by the Helminthoides Flysch units (Western Ligurian Flysch units in [23]). The
Helminthoides Flysch units [22,30–32] are composed of Lower Cretaceous–lower Paleocene
deep-water sediments detached from their original substrate and referred to as the Ligurian
Domain. These units consist of carbonate-poor, thin-bedded varicoloured pelites (the basal
complex) interpreted as basin plain deposits, thick-bedded, coarse-grained sandstones de-
posited in internal deep-sea fans and thick-bedded, mainly carbonate turbidite successions
deposited in external deep-sea fans [31].

3. The SW Alps Transfer

On the basis of the paleogeographic reconstructions proposed in the literature (see [53]
with references therein), the geological evolution of the southern termination of the Western
Alps arc (Figures 1 and 2) was controlled, since at least the Early Cretaceous, by major
transcurrent fault zones.

In the latest Eocene (35 Ma ago), the onset of the Europe-Adria continental collision
induced the westward indentation of the Adria continental block, together with its high-
density roots (Ivrea geophysical body [17]) and its counterclockwise rotation with respect
to Europe, marking a dramatic change in convergence and thrusting direction (“Oligocene
revolution” sensu [54]).

Figure 1. Geological sketch of the southern termination of the Western Alps. The main tectonic
domains are represented with different colours. The black dashed rectangle corresponds to the
study area of Figure 3. Legend: ARG: Argentera Massif; EBr: External Briançonnais Domain; IBr:
Internal Briançonnais Domain; Pm: Piemonte Domain; PPm: Pre-Piemonte Domain; DM: Dora-Maira
Domain; DauPro: Dauphinois—Provençal Domain; ExLBr: External Ligurian Briançonnais Domain;
ILBr: Internal Ligurian Briançonnais Domain; TPB: Pliocene sediments and Tertiary Piemonte
Basin; WestLF: Western Ligurian Flysch Domain; EBF: External Briançonnais Front; IBF/PF: Internal
Briançonnais Front/Penninic Front; LiVZ: Limone-Viozene Zone; DAZ: Demonte-Aisone Zone; REZ:
Refrey Zone; HFT: Helminthoides Flysch Basal Thrust; TTT: Tenda-tunnel Thrust; COT-A: Cottian
Alps; MAR-A: Maritime Alps; WeLI-A: Western Ligurian Alps; CeLi-A: Central Ligurian Alps. The
black line within the dashed inset refers to trace of the section of Figure 2. Adapted with permission
from ref. [23]. Copyright 2016 Springer-Verlag Berlin Heidelberg.

At the same time, south of the Ligurian Alps, a switch in the subduction polarity
occurred from a SE-dipping polarity to a W-dipping polarity, and the eastward retreat of
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the Apennine slab began, accompanied by onset of back-arc rifting in the Liguro-Provençal
area [13,14,18,55]. Both these processes were quite absent to the north east of the Ligurian
Alps, suggesting the presence of a major transfer zone between these two realms, which
should have been oriented NNW-SSE in the first (early Oligocene) stages and WNW-ESE
in the last (early-middle Miocene) ones ([9,23]. The activity of this major transfer zone,
with active steep crustal tectonic features, extended at depth and allowed the west-ward
indentation of Adria [34] that in the northern part of the Western Alps was accommodated
by dextral shearing along the Periadriatic line [56]. Then, since the Oligocene, the transfer
zone should have acted as a strike-slip fault zone along the southern margin of the Adria
indenter [54]. This major transfer zone placed at the southern termination of the Western
Alps may have developed partly on inherited Mesozoic extensional and transtensional
faults active before the onset of the Alpine collisional regime (as discussed in [57]), which
may have compensated for the different seafloor spreading rate of the Ligurian ocean to
the south and Piemonte ocean to the north [34,53,54,58] Consequently, the geological units
presently placed at the southern termination of the Western Alps arc should bear clear
and widespread evidence of such distinctive geological evolution in terms of sedimentary
evolution, deformational history and related hydrothermal activity.

A large amount of recently published data [23,25–28,46,52,57,59–63] document that
since Early Cretaceous up to at least the early Miocene, the geological units presently placed
at the southern termination of the Western Alps experienced a tectono-sedimentary evolu-
tion mainly related to large scale strike-slip and transpressive faulting, with significative
migration of syntectonic fluids.

 

Figure 2. Schematic geological section (location in Figure 1) across the Argentera massif, the western Ligurian Alps and the
TPB syn-orogenic basin. Reference data from [17,23,25,26,64,65]. Legend: TPB: Tertiary Piemonte Basin; GVZ: Gardetta-
Viozene Zone; LIVZ: Limone-Viozene Zone; REZ: Refrey Zone; WLF: Western Ligurian Flysch (Helminthoides Flysch);
IBF/PF: Internal Briançonnais Front/Penninic Front; Late Burd, Late Chat: seismic imaged unconformities of inferred late
Burdigalian and late Chattian age.

The field evidence of such an important, often invoked, transfer zone has been reported
by [23] who described the southern termination of Western Alps arc as an assemblage of
juxtaposed tectonic units, mainly belonging to the Briançonnais and Dauphinois-Provençal
sedimentary domains of the palaeo-European margin and to the overlying Alpine Foreland
basin, elongated on average ESE-WNW direction [20,47] within a km-scale transpressive
deformation zone (SW Alps Transfer, SWAT). A progressive transition from high pressure
metamorphic rocks in the internal (NE) part of the transfer zone, to very low grade and
nonmetamorphic rocks in the external ones (SW) can be presently observed [21,23,26,66]
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(Figures 1 and 3). The SWAT is probably rooted within the underlying European continental
basement [16,17] (Figure 3) made up of mono and polymetamorphic rocks. These units
crop out in the Argentera Massif, an ellipsoid-shaped body exhumed in Miocene times [67]
through the Briançonnais, Provençal and Dauphinois sedimentary successions, from which
it is presently separated on both sides by Miocene-Pliocene boundary fault systems [68]
(Sanchez et al., 2011a) (Figures 1–3).

 

Figure 3. Geological sketch map of the southern termination of the Western Alps adapted from [23]. The Gardetta-Viozene
Zone is highlighted (in grey). The main tectonic units are represented referring to their different paleogeographic pertinence
(different colors) and geometrical position with respect to the main tectonic boundaries and deformation zones. The location
of geological cross-sections of Figure 4 (sections A-A’, B-B’, C-C’, D-D’, E-E’) is reported. The Internal Briançonnais Front
(IBF) here corresponds to the external boundary of the green-schist to eclogite facies metamorphic axial belt of the Alps
(sensu [69]) and can be thus considered as the surface expression of the Penninic Front.

4. The Penninic Front at the Southern Termination of Western Alps

To discuss the evolution of the southern termination of Western Alps in the frame
of the collisional and postcollisional kinematics of the orogenic belt, it is necessary to
unambiguously define the intended meaning of the “Penninic Front concept”, in order to
understand what are the relations of the SWAT with the ideal main tectonic boundary of
the Western Alps belt, i.e., the so-called Penninic Front. Before starting to debate on this
matter, a brief examination of the historical intended meaning(s) of the “Penninic Front
concept” is given in the following.

The Penninic nappe stack can be seen, in a very simplified view, as the suture zone
between the European (including the Briançonnais domain) and Adriatic plates, comprising
remnants of the former subducted oceanic crust or exhumed mantle, as well as the extended
European continental crust [70]. A slightly different, definition of the Penninic zone is
given by Dal Piaz (ets al.) [71], as a stack of generally metamorphic nappes scraped off
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the subducting oceanic lithosphere and European passive continental margin (distal part),
mainly accreted during the Paleogene, whose outer boundary is the Penninic frontal thrust.

In many other papers [16,34,72,73] the Penninic domain has been conceived differently
from the above cited papers because the Penninic frontal thrust (Penninic Front) has
been placed in the Southwestern Alps at the boundary between the Briançonnais and
Dauphinois-Provençal domains, irrespective of the distribution of the metamorphism.
Further south, the Penninic Front has been placed along the external boundary of the
nonmetamorphic Western Ligurian Flysch Unit (Helminthoides Flysch Units) of the SW
Alps, which is detached over the Dauphinois-Provençal domain, and labelled as Penninic
Basal Contact or “AlpineThrust Front” [29,37].

In this paper, the Penninic Front is intended (in the sense of [69]) as the frontal thrust
which bounds the Alpine Axial Belt, which comprises continental units derived from the
Adriatic margin (“Austroalpine units”), as well as parts of the European continental margin
together with oceanic units originated from the Mesozoic Piemonte–Liguria Ocean, labelled
together as “Penninic Units” (Figure 1). All these units of the Alpine Axial Belt underwent
alpine metamorphism ranging from greenschist facies to ultra-high-pressure eclogite facies
conditions. The Penninic Front bounds the penninic units from the less metamorphosed
external parts of the paleoEuropean margin, which can pertain to the External Briançonnais,
Helvetic, and Dauphinois-Provençal domains.

5. Structure of the Southern Termination of the Western Alps: Increasing
Deformation, Metamorphism and Relations with the Adjoining Alps-Apennines
Syn-Orogenic Basins

A review of the tectonic setting and evolution of the southern termination of the
Western Alps, as well as the dating of its main stages, is necessary to provide the elements
to correlate it with the evolution of the northernmost part of the Apennines belt. We specify
that the following description of the metamorphic conditions of the tectonic units refers
to the “metamorphic degree”, defined on the basis of mineralogical indexes (such as the
‘crystallinity’ degree of phyllosilicate minerals [26]), even for the very poorly transformed
rocks of the external Briançonnais and Dauphinois-Provençal domains, which were sub-
jected to anchizonal or very low-grade metamorphic conditions [26]. Conversely, if textural
criteria are used to define the metamorphic features in the study area [19,74], the rocks of
the studied external Briançonnais and Dauphinois-Provençal domains would be classified
as “nonmetamorphic”, since their primary features are mostly preserved from the effect
of secondary petrogenetic processes and do not show any major internal reorganization
or recrystallization.

The overall aspect of the southern termination of the Western Alps is presently a
fan-like setting that evokes a flower structure, well known in the Briançonnais domain of
the Guillestre, Briançon and Moûtiers transects [75–79], as well as in the Maritime Alps
(Stura valley and Tenda Pass area [27]) and western Ligurian Alps [23,25,26,29,80].

This double-vergent tectonic system [20,21] involves the Briançonnais Domain in
the internal, northeastern side and the Dauphinois-Provençal Domain in the external,
southwestern side [22,23]. This system consists of NE-vergent thrusts and transpressive
fault systems developed to the north of the External Briançonnais Front, and SW-vergent
ones to the south of it. In map view (Figure 1), the external and internal Briançonnais
Fronts, as well as the frontal thrust of the Piemonte Zone, get closer to each other from
west to east, while changing their directions from NW–SE to west–east, almost merging
together in the Stura valley, east of Aisone (Figures 1 and 2). Due to the deflection of
tectonic fronts and the consequent strong reduction in thickness of the main structural
domains, the transition from the HP-LT metamorphic units of the internal Brianconnais to
the very low-grade units of the external Briançonnais and Dauphinois-Provençal domains
occurs over a relatively short distance (about ten kilometers) along a NE-SW oriented
geological section (Figures 1–3). The eastward prolongation of the tectonic stack made up
of the Piemonte Zone and the Internal Briançonnais tectonic domains, is concealed by
the sediments of TPB and overlying Pliocene and Quaternary successions: see [19] with
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references therein. At the southern termination of the Western Alps, the transition between
the internal Alpine metamorphic tectonic prism and the external Briançonnais-Dauphinois-
Provençal fold-and-thrust belt occurs.

This geological transect is suitable for investigation of how the postsubduction Alpine
tectonic evolution has been recorded since the early Oligocene by the adjoining syn-
orogenic basins of the Piemonte region, whose tectono-sedimentary setting was controlled,
at least since the late Oligocene, by the beginning of the Apennines subduction and related
surface tectonics. In this way, a correlation between the Alpine and Apennine main
tectonic events can be attempted, as discussed in the following sections. As reported in
Section 3, in the southern termination of the Western Alps there is evidence of a major
transfer zone (the SWAT) represented by an assemblage of juxtaposed tectonic units,
mainly belonging to the Briançonnais, Dauphinois-Provençal and Alpine Foreland Basin
sedimentary domains, elongated on average in an ESE-WNW direction [23]. The SWAT
represents an ideal macroscale tectonic feature, whose existence can be inferred on the base
of kinematic modeling at the regional scale [15,34,81]. A number of effective deformation
units (sensu GeosciML), and/or strongly deformed tectonic units, exist in the southern
termination of the Western Alps, which are defined in Figures 2, 4 and 5 and listed as
follows, starting from the more internal units in the footwall of the IBF: (a) the steepened
Triassic dolostone succession of the Rocca la Meja unit; (b) the Gardetta Deformation
Zone, consisting of several deformation units made up of Carboniferous (?)-Permian (?)
volcanics and schists, Triassic quartzarenite, quartzite and km-scale slices of gypsum,
intensively folded and steepened along the WNW-ESE faults that bound and dissect the
deformation zone; (c) the steepened and strongly sheared external Briançonnais M.Omo
Unit and Provençal Giordano-Savi Unit; and (d) the Demonte- Aisone deformation unit
of [23]; (e) the tectonic slice system of the Roaschia Unit [27], which passes laterally to
the transpressive Limone-Viozene Zone [23,25]. All these units share a succession of
geologic events and related mesoscale regional foliations, as well as consistent kinematic
features, that formed in response to a succession of deformation phases as described in
the following. The assemblage of the above-described tectonic units is here labelled as the
Gardetta-Viozene Zone (GVZ), which can be interpreted as the effective representation of
the SWAT.

5.1. Rock Deformation and Metamorphism across the IBF in Southern Cottian Alps

The transition from the green-schist facies metamorphic rocks of the internal Briançon-
nais to the anchizonal external Briançonnais, which occurs across the IBF, can be observed
through the watershed between the Grana and Arma valleys (San Magno-Fauniera Pass
area) and along the Preit-Gardetta transect in the right side of the Maira valley (Figure 5).
Near San Magno, the Permian (?)-Early Triassic conglomerate and quarzarenite [47]
of the internal Briançonnais (site GRA4 in Figure 5) are transformed into greenschist
gneisses, while in the Fauniera Pass area (External Briançonnais) they crop out as a very
poorly stretched conglomerate with pink quartz and rhyolite pebbles (sample PRV in
Figures 5 and 6a,c). Similarly, in the Preit valley, the Permian (?)-Early Triassic quartzite
have a marked gneissic structure (sample SRV in Figures 5 and 6b,d), while the quartzaren-
ite and dolostone cropping out SW of the IBF, in the Rocca la Meja tectonic slice do not
show evidence of major metamorphic transformations, as also suggested by the presence
of preserved microfacies in the Triassic dolostone (sample PRE6, Figure 6e) and very well-
preserved Archosauriform footprints recently discovered [82] a few hundred meters from
the IBF. The IBF cuts across the Middle-Upper Triassic evaporites and the Lower Triassic
quartzite/quartzarenite layers, which, conversely, in the external (SW) part of the GVZ
and in the fold and thrust belt comprised between the IBF and the Argentera northern
boundary faults, are not displaced by high angle faults and seem to have played a role of
regional detachment horizons.
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5.2. Field Constraints to the Age of Tectonic Events and Kinematic Interpretation
5.2.1. Tectonic Phases

The southern termination of the Western Alps shows structural and metamorphic
characters acquired through a succession of three “phases of deformation” (D1–D3) with
prevalent folding and thrusting, followed by a transpressive, mostly disjunctive phase (D4)
and a late (D5) extensional phase.

- D1: this phase is associated with an early phase of décollement tectonics responsible
for the piling up of the Briançonnais duplexes by mostly bedding-parallel thrusts,
mainly vergent to the SW (present geographic coordinates), as shown by [76] in the
Briançon area, [21] in the Ubaye-Maira transect and by [23,25,83] in the Maritime and
Western Ligurian Alps. The D1 phase is assumed to be roughly consistent with a
regional E-W shortening direction [84].

The D1 was probably characterized by transpressional kinematics, since the sedi-
mentary successions were shortened by duplexes and steepened (Figure 7a) after being
detached from the Triassic gypsum and quartzite/quartzarenite levels, while the S1 folia-
tion developed mostly parallel to the steepened bedding [21,25]. With the D1 related strain,
a regional scale transpressional deformation unit formed, developed mainly at the expense
of the external Briançonnais and inner Dauphinois-Provençal domains, which can be still
recognised from the high Stura valley to the Tanaro valley (Figure 2) [23] within the GVZ.
Gypsum masses of Triassic age [47] are involved in the GVZ (Figures 7b and 8e,f), probably
dragged from the basal detachment level placed at the base of the external Briançonnais
and Dauphinois-Provençal succession where these rocks largely occur [23,85,86].

The D1 phase generated the oldest composite tectonic foliation (S1, [87], locally axial-
planar to F1, SW verging recumbent folds and syn-D1 reverse/sinistral shear zones (“char-
riages” Auctorum; [20,88]) Gidon, 1972; Lefèvre, 1983), within which the S1 foliation
(Figure 7c,d,f) formed mostly parallel to the boundary shear planes [23]. Evidence of the
D1 phase in Dauphinois-Provençal Domain is poorly documented at the mesoscale, except
for the Giordano-Savi unit close to the EBF in the left side of the Stura valley, where D1
folds are preserved (Figure 8b) but rotated and displaced by syn-D2/D3, SW-vergingSW
vergent thrusts, with related drag folds (M. Bodoira, Figure 4).

At the end of the D1 phase, local transtension should have occurred in some parts of
the GVZ, as inferred by the activity of relatively hot fluids, which circulated along NW-SE
fault systems, that led to the formation of hydrothermal marbles at the expense of the
Jurassic-Cretaceous Dauphinois succession (Valdieri marble, [63]) and to intense recrystal-
lization of some parts of the Alpine Foreland Basin succession (Aisone Flysch, [23,63,89]).

- D2/D3: these two cogenetic tectonic phases generated double-vergent fold systems
(with predominant top to NE and subordinate top to SW vergence sense of shear-
ing, D2) evolving to a transpressi shearing onal regime (D3), with high-medium
angle reverse and strike-slip faults (Figure 8a) and related minor folds, roughly con-
sistent with E-W regional shortening directions (D2), shifting to NE-SW directions
(D3) [9,23,90]. Diffuse fault block rotations on vertical axis and reactivation of faults
occurred during the D2, as in the case of the sinistral Preit fault (Figure 2). This major
strike-slip fault displaces the boundary of the Internal/External Briançonnais units
(i.e., the Internal Briançonnais Front, IBF), attesting that the D2 phase mostly post-
dates the metamorphic evolution of the units involved in the southern termination of
Western Alps.
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Figure 4. Geological cross-sections across the Gardetta-Viozene Zone (GVZ; location in Figure 3); modified from [20]
(sections AA’, BB’); [27] (sections CC’, DD’); [26] (section EE’). Tectonic units: ENUD: Dauphinois succession of Entracque
Unit; ENU, For: Foreland Basin succession of Entracque Unit; ENUP: Provençal succession of Entracque Unit; GAZ: Gardetta
Zone; GSU: Giordano–Savi Unit; GSV: Gesso–Stura–Vésubie terrane; IBr: internal Briançonnais units; LiVZ: Limone–Viozene
Zone; LiVZFor: tectonic slices of Foreland Basin succession involved in the Limone–Viozene Zone; LiVZHF: tectonic slices
of Western Ligurian Flysch Unit involved in the Limone–Viozene Zone; MAU: Monte Marguareis Unit; MEJ: Rocca la
Meja Unit; OMO: Monte Omo Unit; SMU: Sambuco Unit; SMUFor: Foreland Basin succession of Sambuco Unit; TES:
Cima Test Unit; REZ: Refrey Zone; REZFor: Foreland Basin succession of the Refrey Zone; ROU: Roaschia Unit; RYU:
Upper Roya Unit; RYUFor: Foreland Basin succession of Upper Roya Unit; SRU: San Remo–Monte Saccarello Unit. Main
boundary faults: ABF: Argentera boundary fault system; BNF: Bersaio–Nebius Fault; EBF: External Briançonnais Front;
HFT: Helminthoides Flysch basal Thrust; IBF: Internal Briançonnais Front; LiVZf: external boundary faults; SGT: Serra Garb
Thrust; TTT: Tenda-tunnel Thrust.
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Figure 5. Geological map of the Gardetta highland area (modified from [19]), showing the sampling points of samples
PRE6, PRV, and SRV and the position of outcrops pictured in Figure 6a,b. ABF: Argentera boundary fault system; BNF:
Bersaio-Nebius Fault; EBF: External Briançonnais Front; IBF: Internal Briançonnais Front; PmF: Liguria-Piemonte units
Front; PRS: Preit fault (“Preit Scar”).

The folding phase D2 folded the D1 duplexes and reactivated the D1 steep trans-
pressive shear zones (Figure 8c,d). A well-developed spaced crenulation cleavage (S2)
is associated with F2 folds (Figure 7c–f). S2 planes are in several places reactivated and
reoriented by shear deformation (S2-shear, generated by the D3, Figure 7e,f) kinematically
consistent with the D2 phase that often induced the displacement or partial transposition
of F2 folds hinge zones [25]. In the major transpressive shear zones (LiVZ), the S1 and S2
surfaces are almost subparallel and often form a composite foliation [25] (Figure 6c).
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Figure 6. (a) Permian (?)-Early Triassic interbedded conglomerates and sandstones made up mainly
of quartz and volcanics clasts. External Briançonnais Domain (Viridio Unit), Fauniera Pass area.
(b) Permian (?)-Early Triassic quartzitic-rhyolitic metaconglomerate and metasandstone, Internal
Briançonnais Domain (near Preit village), showing isooriented and stretched clasts that mark a
gneissic structure. (c) Transmitted-light, crossed polars photomicrograph of sample PRV (external
Briançonnais Domain, Fauniera Pass area; location in Figure 5), a coarse lithic sandstone correspond-
ing to the finer levels of Figure 7a. A poorly defined lamination is evidenced by grain size variations.
(d) Transmitted-light, crossed polars photomicrograph of sample SRV (internal Briançonnais Domain,
Preit Valley; location in Figure 5), a metalithic sandstone corresponding to the finer levels of Fig-
ure 7b. A well-defined foliation is evidenced by the iso-orientation of the arenitic grains and by the
occurrence of sub-millimetre thick levels of neoblastic iso-oriented white mica. (e) Transmitted-light
photomicrograph of sample PRE 6 (Rocca la Meja tectonic slice, near the GVZ inner boundary, location
in Figure 5), a dolomitized grainstone with oolites, echinoderm fragments and other bioclasts. Note
the well-preserved morphology and internal structure of the oolites. (f) Transmitted-light photomi-
crograph of bioclastic arenaceous limestone (Eocene Nummulitic Limestone, Alpine Foreland Basin
succession) from a tectonic slice within the LIVZ, Lago dei Signori pass, Marguareis area. Although
a mm-scale foliation is present, evidenced by pressure dissolution seams and cataclastic levels, no
volumetric dissolution or recrystallization occurred, as documented by the very well-preserved
macroforaminifera and bryozoan.
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The S1/S2 foliation is clearly reoriented and reactivated by the D3 shearing event in
all the sectors of the GVZ, from the Gardetta Pass to the Marguareis area. The S2 cleavage
is well exposed in the Ligurian Briançonnais units (Marguareis area [25,83]) due to the
presence of the Upper Cretaceous marly limestone (Upega Formation) that recorded it with
clear evidence. Conversely, this important regional foliation is poorly represented in the
external Briançonnais units cropping out to the North of the Stura Valley, where, although
present, it can be less frequently observed (Figure 7d).

- D4: faulting events related to the final uplifting stages of the Argentera Massif, induc-
ing reactivation of D3 reverse and strike-slip fault systems and a minor rearrangement
of the D1/D2 structural setting. During this stage, the compression direction is as-
sumed to have rotated from NE–SW and then to N–S, inducing the reactivation of
SW-verging reverse faults into dextral transpressive faults [15,17,34,68,90].

Among the main evidence for the D4 phase are the boundary faults of the Argentera
Massif, with the related huge mass of gypsum-bearing brecciated fault rocks (Carnieules
Auct. [47]) aligned all along the boundary faults of the massif.

- D5: the late stage of the tectonic evolution of the southern termination of the West-
ern Alps was achieved in a general extensional-transtensional regime [67,68] as it
represents a transitional zone between the regions affected by extension, located in
the inner part of chain, and those affected by strike-slip and contractional tectonics,
located in the outer parts of the alpine belt. A general frictional reactivation of the
previously existing NW-SE to E-W fault systems occurred at this stage [90].

5.2.2. Age of Tectonic Phases and Metamorphism

The southern termination of Western Alps shows a metamorphic evolution ranging
from anchizonal and very low-grade facies in the Dauphinois-Provençal and external
Briançonnais domains to low grade, high-pressure greenschist facies and carpholite-quartz
(blueschist) facies in the internal Briançonnais domain: see [21] with references therein)
and [26]. In the more internal Briançonnais and prePiemontese successions, as well as the
Acceglio zone, adjoining to the study area the metamorphic degree reached the eclogite
facies; see [91] and [21] with references therein.

The metamorphic conditions and the ages related to the above-described tectonic
phases are described in the following.

- D1 phase. The HP metamorphic transformations recorded by the Internal Briançon-
nais units were acquired before the D1 phase, as evidenced by the relations between
the HP minerals and the tectonic foliations (D0 in this paper, D1 [21]). The metamor-
phism occurred in a time span between the age of the phengite in the Triassic quartzites
(37 Ma [92]) of the adjoining, more internal, Pelvo d’Elva unit, and that of the very low
grade S1 foliation (see below). In the external sectors, the D1 phase described in this
paper, here intended as the older deformation phase that gave origin to a penetrative
foliation, occurred later and at a temperature lower than 300 ◦C [21,26]. Its age should
be younger than 33–34 Ma, i.e., the age of the upper part of Grès d’Annot succes-
sions [93] involved in the external Briançonnais tectonic units [20,23,47]. Furthermore,
the metamorphic HP-LT transformation along the Penninic Front fault rocks in the
Pelvoux area, during its later reactivation, has been dated at 34–30 Ma [77,84], thus
ascribing it to the D1 phase.
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Figure 7. (a) The sub-vertical Triassic dolostone succession of Rocca la Meja (Meja unit, GVZ,
Gardetta highland). In the foreground (right lower corner) an outcrop of steepened Lower Triassic
quartzarenite of the Gardetta Deformation Zone is visible. (b) Intensively folded and steepened
gypsum within the Gardetta Deformation Zone. (c) Upper Cretaceous marly limestones in the
external part of the GVZ (Dauphinois-Provençal succession) close to the Tenda pass showing a
well-developed spaced crenulation cleavage (S2, black lines), crosscutting the older S1 foliation (black
dashed lines). Note that in this area the S2 is NE-dipping. (d) Upper Cretaceous marly limestone in
the External Briançonnais M. Omo Unit, close to Valcavera pass showing a well-developed spaced
crenulation cleavage (S2, black lines), crosscutting the S1 foliation (black dashed lines). (e) Strain
localization along the lithological contact between Upper Cretaceous marly limestone (Upega Fm.)
and Upper Jurassic grey limestone (M. Marguareis, Ligurian Briançonnais domain). The S2 spaced
cleavage (black lines) is dragged by S2-shear planes (S2-sh, white dashed lines) developed during the
late stages of D2 and probably also during the D3 phase. (f) Upper Cretaceous marly limestones of the
External Briançonnais succession in the Limone-Viozene Zone, Marguareis area. A well-developed
spaced crenulation cleavage (S2, black lines) was generated as axial planar surfaces of F2 folds that
folded both bedding and older foliation S1 (black dashed lines). Locally, S2 surfaces evolved from an
axial plane foliation to a slip cleavage (S2sh, white dashed lines), giving origin, in some places, to
dm-thick shear zones, which reoriented all the pre-existing foliations.

The radiometric age of the late D1 hydrothermal fluids responsible for the formation
of the Valdieri marble (see above), defined at 30–31.6 Ma by U-Pb analyses on recrystallised
and vein carbonate and neoblastic silicate minerals, provides a useful constraint for dating
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not only the D1, but also the D2 phase, which clearly postdates the marble [63]. It is re-
marked that a major gap in the distribution of metamorphism is not recorded across an ideal
internal Briançonnais-Dauphinois cross section, i.e., across the front of the alpine tectonic
prism, as occurring in other orogens (e.g., across the Himalayan main thrust front [94]), but
the decrease of the metamorphic grade from the inner to the outer tectonic units seems
to occur gradually (see above, Section 5.1), although a relatively major boundary can be
established along the internal Briançonnais Front, corresponding to the “Penninic Front”
in the sense of the assumption defined in Section 4, following [69].

- D2/D3 phase: since the metamorphic HP-LT transformation along the Penninic Front
fault rocks in the Pelvoux area, during its syn-D1 reactivation, has been dated at
34–30 Ma [77,84], the D2 phase, which is consistent mainly with very low-grade
metamorphism and pressure-dissolution processes of carbonate rocks [25,26], should
be younger than 30 Ma. Zircon fission track data ([9] with reference therein) indicate
that the western Ligurian Briançonnais basement was at about 265–215 ◦C between 32
and 29 Ma, suggesting that the onset of the very low-grade to anchizonal D2 phase
should have occurred after that time span, i.e., at least since the late Rupelian. U-Pb
radiometric age on recrystallized carbonate matrix (24.7 ± 6,9 Ma) and calcite veins
(26 ± 11 Ma) in Lower Cretaceous deposits of the Entracque Unit [95], which could
be referred to as the last event of diffuse recrystallization and pressure dissolution
(ascribable to the D2/D3 phase), thus occurred around 25 Ma, confirming what
suggested above.

Other constraints for dating the D2/D3 phases are provided by the faults of the
northern part of the Argentera Massif [96]. The kinematics of these faults have been related
to the shifting of the regional shortening to N-S directions, which is here thought as the
reason for the shearing evolution of the D2 folding phase, i.e., the D3 phase. This occurred
probably between 26 Ma and 20 Ma when the D3 phase induced the main uplifting of the
Argentera Massif, controlled by dextral transpression along NW-SE fault systems [68,97]. In
this time span, the internal sectors of the uplifting SW Alps crossed the apatite fission track
closure temperature of 120 ◦C [9], while in the external sectors (Argentera and Dauphinois-
Provençal) this occurred at about 14–12 Ma [68]. These data suggest that after the D3 phase,
the tectonic evolution (D4 and D5 phases) should have been characterized by development
of purely brittle discrete fault systems and/or individual faults.

The D2 NE-vergent tectonics recorded in the external Ligurian Briançonnais have
been ascribed to the late Oligocene also by [29].

During the D2/D3 time span the uplifting was recorded by the sedimentary evolution
of the adjoining internal syn-orogenic basin, the so-called Tertiary Piemonte Basin, which
in the sector close to the Ligurian Alps is characterized by localized fault bounded basins
whose tectono-sedimentary evolution has been interpreted as controlled by transtensional
and strike-slip tectonics since the late Rupelian [9,10,65].

- D4 phase: N-S regional shortening continued to be active from the early Miocene
until the Tortonian-Messinian from the Ligurian Alps to the Apennines (Padane)
thrust front, and is recorded in the southern termination of the Western Alps mainly
as dextral transpression along the NW-SE fault systems subparallel to the main
Briançonnais and Dauphinois tectonic fronts and the boundary faults of the Argentera
Massif [68,98].

- D5 phase: the late extensional and transtensional regime occurred during the late
Miocene-Pliocene [67,68], which was coeval to the strike slip and contractional tectonic
regime of the outer sectors of the SW Alpsto the south of the Argentera Massif and in
the northern margin of the present Ligurian basin [64,90].
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Figure 8. (a) Slickensided strike-slip fault surface bounding the GDZ on its southern side along
the EBF (Dogger limestones of M. Bodoira); (b) steepened folds affecting the Jurassic-Cretaceous
successions close to the EBF in the M. Bodoira tectonic unit; (c) subvertical, intensively sheared beds
in the hundred-meters scale “Servagno transcurrent zone”. This zone is located on the GDZ southern
boundary, along the EBF and it affects the Jurassic-Cretaceous succession of M.Bodoira near Servagno
pass. (d) Detail of Figure 10c, drag folds showing vertical axes and vertical axial planes developed
along the individual strike-slip faults of the Servagno transcurrent zone; (e) tight to isoclinal folds in
the gypsum masses of the GDZ to the west of Valcavera pass; (f) major gypsum tectonic slices in the
central part of the GDZ, bounded by steeply dipping faults belonging to the EBF fault system (in the
background the vertical tectonic slices of Monte Salè, reported in the cross-section of Figure 4).

5.3. Subsurface Stratigraphic Constraints to the Uplifting Stages

The eastern extension of the SWAT/GVZ system (as described in previous sections)
can be traced in the Cuneo-Mondovì area. In this area, outcrop and subsurface data
constrain the tectono-depositional evolution of Oligocene to Miocene synorogenic basins
developed on the western Alpine basements: see [7] and references therein. The line
drawing in Figure 9 (SL1, [65]) refers to a N-S seismic line running from the Ligurian Alps
to the adjacent plain. It shows strike-slip faults with flower geometries, deep-seated in the
western Ligurian Alps basement. During the Oligocene and early Miocene, these faults
(roughly E-W striking in map view) controlled evolution of basins (presently buried below
younger successions) filled by continental to marginal marine/slope successions [7] and
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laterally equivalent to the cropping out eastern TPB successions (Molare and San Paolo
formations [99,100]). Unconformities and onlap terminations point out the progressive
Oligocene to Miocene syntectonic uplift of this part of the Ligurian Alps.

Figure 9. Seismic line drawing crossing the TPB sediments in the subsurface of the Cuneo-Mondovì
area. The unconformities are base Rupelian (B-RU), base Chattian (B-CH), late Chattian (L-CH), late
Burdigalian (L-BU) and base Langhian (B-LA). From [7,65].

6. Discussion: The Late Eocene to Miocene Evolution of the Internal SW Alps in the
Frame of the Adria Indenter Kinematics and First Stages of the Apennines Orogenesis

Some points for discussion on the relations between the kinematic evolution of the
SW Alps and the Adria indenter in the frame of the ongoing Apennines orogenesis, are
here proposed.

(a) The first point concerns the dynamic context in which the exhumation of the alpine
units occurred. As reviewed in the above sections, it can be suggested that the ex-
humation of the tectonic units derived from the Briançonnais, Dauphinois-Provençal
and Alpine Foreland basin domains occurred in a transpressional regime. It was
stated by [21] that whereas the exhumation of the adjoining Alpine units, such as
the Dora-Maira UHP-HP eclogite rocks and the Monviso meta-ophiolites, mostly
occurred through extrusion in the subduction channel and then late extensional
tectonics, “the Briançonnais nappes were exhumed mostly through transpressional
deformation at the bottom of a collapsing and eroded orogenic wedge”. This interpre-
tation is consistent with the ideas sustained in this paper, and is supported by: (i) the
overall structural setting of the Briançonnais-Dauphinois-Provençal transect in the
SW Alps, corresponding to a mega-macroscale fan-like geometry evoking a flower
structure; (ii) the transpressional characters of the structural associations developed
in the D1–D3 phases, consisting of several juxtaposed tectonic domains dominated,
in turn, by steep reverse and strike-slip faults, low-angle thrust surfaces and folded
domains with alternating low-angle axial surface folds and vertical axes folds; (iii)
the progressive and gradual decrease of the metamorphic grade from the internal
Briançonnais to the external Dauphinois-Provençal units, indicating that no major
vertical offset, and no related metamorphic gap, occurred across the tectonic unit
boundaries; (iv) the tectono-sedimentary setting of the adjoining syn-orogenic basins
placed in the internal side of the Western Alps, in southern Piemonte, that recorded
the kinematics and uplifting stages of the Alps tectonic belt.

The subpoint (ii) demands further considerations on the geometrical setting of the
GVZ, which has been described in detail only for its eastern part (LIVZ, [23,25]). The
western part of the GVZ, consists of a number of tectonic slivers made up of different rock
types arranged in a km-scale deformation zone (Gardetta Deformation Zone, Figure 10)
developed between the internal (IBF) and the external (EBF) Briançonnais fronts. The
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tectonic slices are made up of both the rocks of the internal Briançonnais domain (metavol-
canics and volcanoclastite, phyllite, quartzite and meta quartzarenite) and of the external
Briançonnais (volcanoclastite, quartzarenite and parts of the Triassic-Cretaceous carbonate
succession), as well as gypsum masses derived probably from the base of the Briançonnais
or the Dauphinois successions. The slices are separated by steeply dipping tectonic contacts,
oblique to the GDZ boundaries, and consisting of individual faults showing strike-slip
slickensided surfaces (Figure 8a), or transcurrent shear zones. The internal setting of the
slices can be represented by contractional structural associations (thrusts with related ramp
folds, symmetrical folds in the core of the GDZ, Figure 8b) and/or by transcurrent strained
domains showing drag folds with subvertical axes and axial planes (Figure 8c,d), and
subhorizontal extension lineations. The huge gypsum masses involved in the GDZ show
isoclinal to tight folds with axial planes subparallel to the bedding (Figure 8e) but are
always bounded by steeply dipping faults (Figure 8f). Although the detailed description of
the GDZ structural setting is beyond the scope of the paper, we believe that a qualitative
interpretation of the GDZ as a strain-partitioned transpressive zone should be accountable
on the basis of the above reported observations, as well as the overall geometric setting on
map view (Figure 10). The macro and mesoscale features of the GDZ seem to fit with the
diagnostic features described for the transpressive zones in the basic works of [101–103].
Furthermore, the abundant presence within the GDZ of lithotypes that rarely occur in the
external Briançonnais domain (e.g., the basic volcanics of the Becco Nero slices, Figure 10)
suggest that the GDZ could have originated on some prealpine lithological inhomogeneity.

(b) The second discussion point refers to the effective relations of the transpressive
tectonics, discussed at point (a), with the inferred presence of the regional transfer
zone, here named SWAT (see Section 3), that should have contributed to the west-ward
indentation of Adria and its counterclockwise rotation with respect to Europe [34].
This transfer kinematics, coeval with the continuing shortening due to the Adria-
Europe indentation, seems to be effectively recorded by the structural setting of the
southern termination of Western Alps, namely by the Gardetta-Viozene Zone (GVZ),
consisting of an assemblage of transpressive deformation units [20,23], which can be
followed quite continuously from the NW in the Cottian Alps to the Tanaro valley in
the western Ligurian Alps (Figure 3).

Figure 10. Geotectonic map of the Gardetta Deformation Zone, developed between the internal
Briançonnais front (IBF) and the external Briançonnais front (EBF) (modified from [19]).

104



Geosciences 2021, 11, 185

The structural setting of the SWAT/GVZ corresponds to a double-vergent tectonic
system, mainly developed during the D1/D2/D3 phases, where NW-trending major folds,
and both NE dipping and SW dipping reverse and strike slip faults developed. In the NW
sectors [75–77], the NE-vergent (back-vergent) branch of the transect is indeed developed
mostly inwards (NE) of the GVZ, in the internal Briançonnais units [21] (Figure 4). Con-
versely, in the SE sectors the NE-vergent fold systems are intensively developed within the
GVZ itself [25,80,83], while the SW-vergent folds are less abundant, except near the tip zone
of the SW-vergent thrusts (Figure 4). The presence of steepened slices of anhydrite and
gypsum in the northern branch of the GVZ (Valcavera-Gardetta highland at the altitude of
more than 2000 m), which have been found more to the East, at the northern termination
of the LIVZ (not far from the IBF, at an altitude of less than 700 m, in the “Buzzi tunnel”
between Roaschia and Robilante [104]) and, more extensively, along the Tenda Tunnel
thrust at about 1000–1200 m a.s.l [23,86], suggests that the transpressive GVZ probably
merged into the basal detachment of the external Briançonnais-Dauphinois-Provençal
thrust belt from where it could have dragged, up to higher geometric positions, the above
cited gypsum and anhydrite-bearing tectonic slices. The presence, within the fault core
zone (namely in the restraining bends), of duplexes and slices extruded from deeper levels,
is indirect evidence of transpressional fault setting [101,105,106]. The development of the
GVZ unlikely occurred as the result 6tof an homogeneous transpression, as it shows a
marked internal strain partitioning. Further analysis is required to ascertain if the strain
partitioning was achieved mostly during the first deformation stage (D1) or continuously
during the D1 to D3 stages.

(c) As the SWAT activity was recorded by the tectonic evolution of the basement and
covers (Mesozoic succession and Eocene-Oligocene Foreland Basin succession) at the
southern termination of Western Alps, a third crucial point, concerning the sedimen-
tary recordings of this tectonics in the syn-orogenic basins is to be discussed. The data
reported in the above sections indicate that the exhumation/uplifting of the southern
Cottian-Maritime-western Ligurian system occurred during the formation of the Alps-
Apennines syn-orogenic basin known as TPB (Tertiary Piemonte Basin [9,19,74,107]
with references therein). The TPB succession (Figure 1) was deposited starting from
the early Oligocene on the exhuming metamorphic complexes of the Western Alps, as
well as on the top of the overthrusting Ligurian units involved in the northwestern
Apennines. The TPB successions recorded the Alps-Apennines tectonics through
some regional scale unconformities related to main Geologic Events (Figure 11) that
divided the succession into a number of unconformity-bounded stratigraphic units
(Synthems [108]) continuous at the regional scale [19]. The analysis of a seismic line
(Figure 9) available for the TPB sectors adjoining the Western Ligurian Alps [65],
evidenced that the uplifting of the basement occurred during the depositions of the
Oligocene-early Miocene succession, as evidence by late Chattian and Burdigalian
reflectors that onlap distinct tectonic units, sealing the progressively younger activity
of the faults branching from the main steep fault systems, interpreted by the authors
as roughly E-W strike-slip faults deep-seated in the alpine basement. We suggest
that this fault system could be consistent (as close to it and showing similar geo-
metric and kinematic features) with the inferred eastward prolongation of the GVZ
system (Figure 2), whose evidence in this sector of the western Ligurian Alps (i.e., the
Limone-Viozene Zone [25,28]) has been confirmed by surface data. The activity of
the GVZ/SWAT system thus occurred first during the early Oligocene sedimentation
stages, when the basement of the TPB underwent a stretching, consistent with the
sinistral transcurrent tectonics of the D1/D2 phase, which controlled the deposition
of the lower Oligocene continental and coarse-grained marine sediment (Molare
Fm. [99]), and induced an intense vertical mobility leading to a main regional denuda-
tion episode [109] and the onset of differentially subsiding sub-basins, bounded by
high angle transtensional faults ([6,10] with references therein) and flanked by fastly
uplifting areas. This stage was concomitant with the rifting phase of the Balearic
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basin [110] that in the internal part of the Ligurian Alps was less pronounced and
rapidly decreased toward the North, maybe due to the hindering effect of the southern
prolongation of the Ivrea high-density body [9]. The gradual decrease of the rifting
was probably partitioned by the transpressive faults of the GVZ/SWAT system, as
suggested by [10], during the D1/D2 phase.

All the early Oligocene sub-basins of the southern TPB then underwent, in late Ru-
pelian and early Chattian times, a general drowning and subsidence, with the deposition
of outer shelf and slope marly sediments (Rocchetta and Rigoroso Fms. [107]). This event
occurred in a transtensional regime concomitant with crustal thinning and opening of
back-arc basins [55] and was coeval with the initial stages of the Apennines dynamics, i.e.,
with the beginning of the Adriatic (Apennines) subduction [111].

Then, a marked inversion of southern TPB structures occurred during the Aquitanian-
Early Burdigalian in response to an important geologic event induced by the change
in the direction of motion of the Adriatic indenter with respect to Europe from NW-
ward to WNW-ward at about 20 My [53,112,113]. This resulted in conditions of oblique
convergence and increased collisional tectonics, whose effects are recorded in a large part of
the western Mediterranean area and caused the switch from transtensional to contractional
and transpressional regime in the southern TPB, inducing inversion of a great number of
the formerly active structures [5,7,9,10,114–116]. In this period (early to middle Miocene)
the TPB underwent a counterclockwise rotation of ca. 50◦ with respect to Africa [117].

In the southern western Alps, the Aquitanian-Burdigalian tectonic stage induced a
marked regional uplift, with subsequent high denudation rates. This caused the east-
ward migration of fan-delta systems, prograding from the western margin of the TPB
(the “Saluzzo-Monregalese belt” of [7]), accompanied by significant change in sediment
composition [118]. In the western Ligurian Alps, the uplifting stage can be referred to
the D3 phase, coeval with the main uplifting of the Argentera Massif [68,97] induced
by dextral transpression along the northern boundary faults of the massif and D2/D3
back-thrusting. These thrusts are clearly sealed by the late Burdigalian reflectors reported
in the line drawing of Figure 9.

The D2/D3 phase developed a penetrative regional foliation through large sectors of
the Maritime and western Ligurian Alps: this foliation postdates the early Oligocene (see
also [63]) and could be ascribed to compressional stages coeval and dynamically consistent
with those recorded in the adjoining TPB successions, i.e., the main Apennines related
tectonics that occurred at the Aquitanian-Burdigalian boundary, active while the Maritime
and western Ligurian Alps continued their uplifting. The propagation of the N- and NE-
vergent thrust front in the westernmost part of the Apennines was thus hindered by the
uplifting Alpine basement and related covers. The E and NE-vergent transpressive faults
propagating from the previously formed alpine belt also involved and stacked the Ligurian
units resting on the Adria crust, as well as the same syn-orogenic sedimentary successions
that were flanking the alpine units while they were uplifting [5,51,65]. It becomes clear
now, in our view, that the NE-vergent contractional tectonic systems affecting the TPB can
be defined alpine or Apennines-related depending on the substrate they displaced (alpine
metamorphic units vs. Ligurian non-metamorphic units), but they developed indeed
within the same geodynamic context since the late Oligocene, making it appropriate, for
the westernmost Alpine-Padane realm, to refer to a single “Alps-Apennines orogenic
system”, as in [19,74].
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Figure 11. List of the Alpine Geologic events (D1–D5) recorded in the southern termination of Western Alps since Early
Oligocene. The U1, U2 . . . D7 unconformities correspond to the D1, D2 . . . D7 regional unconformities of the TPB, as
defined in [19,74]. The column “geodynamics” describes the relations with the main stages of the tectono-sedimentary
evolution of the southern termination of the Western Alps and of north-western Apennines.

7. Conclusions

Based on a critical review of surface and subsurface geological data, integrated with
new data and interpretations, it is concluded that the southern termination of the Western
Alps arc recorded the Oligocene-Miocene activity of a regional transfer zone (the southwest-
ern Alps Transfer, SWAT) whose existence has been often postulated in literature [15,34,81]
and that should have allowed, since early Oligocene, the westward indentation of Adria
and its counterclockwise rotation with respect to Europe. This “virtual” transfer zone,
inferred on the basis of geodynamic constraints and reconstructions, could be partially
seen, at shallow crustal level, in an effective system of deformation units and km-scale
shear zones, here defined as the Gardetta-Viozene Zone (GVZ). The GVZ is developed
externally to the internal Briançonnais Front (IBF), involving the external Briançonnais
and Dauphinois-Provençal domains and the overlying Eocene-Oligocene sediments of
the Alpine Foreland basin. The IBF, which represents the inner boundary of the SWAT,
is thought to correspond to the Penninic Front, here intended as the frontal thrust which
bounds the Alpine Axial Belt, i.e., the metamorphic orogenic prism (in the sense of [69]).
Thus, in the southern termination of western Alps, the Penninic Front divides the external
from the internal Briançonnais domains. Consequently, it can be argued that, in this area,
the Briançonnais domain did not experience subduction and exhumation as a whole. The
internal Briançonnais underwent major tectono-metamorphic transformations, while the
external Briançonnais was subjected only to anchizonal P-T conditions. The relatively grad-
ual transition (although stepwise across distinct tectonic fronts) from HP-LT metamorphism
and very low-grade to anchizone metamorphism through the Briançonnais-Dauphinois
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transect of SW Alps, suggests a low entity of the thrust vertical offsets, as expected in an
overall transpressive or strike-slip regional context.

The southwestern Alps Transfer acted outwardly of the IBF, in a foreland fold and
thrust belt, consisting of the external Briançonnais and the Dauphinois-Provençal domains
with related Alpine Foreland Basin successions, which was detached above quartzites and
anhydrite-gypsum levels of inferred Triassic age, now locally involved in the core of the
SWAT shear zones. Conversely, the IBF cut across the Triassic evaporite and quartzite
level, bounding the external domains affected by “cover tectonics” from the internal levels,
where the stacking involved the Permian metavolcanics and some levels of the underlying
polymetamorphic basement [119,120]. The Oligocene to Miocene kinematic evolution of
the above-described Alpine units was well recorded by the tectono-sedimentary evolution
of the inner syn-orogenic basins, i.e., the so-called Tertiary Piemonte Basin, as evidenced
by stratigraphic, sedimentological and geophysical data. This allows correlation with the
Apennines kinematics and dynamics, in terms of the age of the main geologic events, the
interference between the main structural systems and the tectonic control exerted by both
the tectonic belts on the same syn-orogenic basin.
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Abstract: The Pre-Mesozoic units exposed in the inner Northern Apennines mostly consist of
Pennsylvanian-Permian successions unconformably deposited on a continental crust consolidated at
the end of the Variscan orogenic cycle (Silurian-Carboniferous). In the inner Northern Apennines,
exposures of this continental crust, Cambrian?-Devonian in age, have been described in Northern
Tuscany, Elba Island (Tuscan Archipelago) and, partly, in scattered and isolated outcrops of southern
Tuscany. This paper reappraises the most significant succession (i.e., Risanguigno Formation) exposed
in southern Tuscany and considered by most authors as part of the Variscan Basement. New
stratigraphic and structural studies, coupled with analyses of the organic matter content, allow us
to refine the age of the Risanguigno Fm and its geological setting and evolution. Based on the low
diversification of palynoflora, the content of sporomorphs, the structural setting and the new field
study, this formation is dated as late Tournaisian to Visean (Middle Mississippian) and is not affected
by pre-Alpine deformation. This conclusion, together with the already existing data, clearly indicate
that no exposures of rocks involved in the Variscan orogenesis occur in southern Tuscany.

Keywords: northern Apennines; Risanguigno Formation; Carboniferous; southern Tuscany; Monticiano-
Roccastrada Unit; Tuscan Palaeozoic; palynology

1. Introduction

Stratigraphic reconstructions of the deep successions involved in orogens later af-
fected by post-collisional extensional tectonics are always tempting, since these are nor-
mally metamorphosed and involved in polyphase deformation, are laterally segmented
and, consequently, are exposed in scattered outcrops. This is even crucial for the meta-
morphosed, deep successions of the Northern Apennines [1], which experienced the
Variscan sedimentary and tectonic evolution (Devonian-Carboniferous), then the Alpine
cycle (Triassic-Oligocene), and ultimately the extensional process leading to the opening of
the Tyrrhenian Basin (Miocene-Quaternary). Nowadays, the so-called Tuscan Crystalline
Basement (Cambrian?-Devonian [2]) is discontinuously exposed, and the scarcity of fossils
remains inhibits precise age determination [3–5]. Thus, in absence of fossil records, the
Tuscan Basement is traditionally related to the well-known and better exposed Palaeozoic
succession of southeastern Sardinia, where the Alpine deformation is relatively minor [6–9].

To strengthen this approach, several studies of the pre-Alpine metamorphic rocks of
the Tuscan Archipelago and Apuan Alps have incorporated palaeontological, stratigraphic
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and tectonic data [2,9–14]. On the other hand, a few studies have focused on southern Tus-
cany, where contrasting interpretations on datings and palaeogeographic reconstructions
have been proposed [15–20]. More recently, radiometric (Ar/Ar, U/Th [21–23]) and paly-
nological studies [24,25] have served to motivate a review of the entire Tuscan Palaeozoic
successions based on bio/chronological markers. These studies contribute more precise age
datings and provide new evolutionary scenarios in the context of two distinct Palaeozoic
cycles (Mississippian-early Permian and middle-late Permian) [5,26]. Accordingly, we
re-consider the Risanguigno Formation, which is regarded as part of the Tuscan Crystalline
Basement and constitutes the oldest outcrops in southern Tuscany. In this view, this isolated
and scarcely studied formation strongly influenced the reconstruction of the entire Pre-
Alpine Apenninic succession. Therefore, the aim of this paper is to document and illustrate
a newly discovered palynofloral content and, consequently, to provide the precise age of
the Risanguigno Fm, together with its structural setting. This will lead to determination
of Variscan formations in this key sector of Northern Apennines from a stratigraphic and
palaeogeographic perspective.

2. Geological Outline of the Palaeozoic Units of Tuscany

The inner Northern Apennines (Figure 1) resulted from the convergence (Cretaceous-
Eocene) and collision (Oligocene-early Miocene) between the European Corsica-Sardinia
massif and the Adria microplate of the Africa pertinence. This process produced the
stacking of tectonic units deriving from oceanic and continental palaeogeographic do-
mains [27,28].

 

Figure 1. Structural sketch map of (a) the Northern Apennines and (b) Northern Tyrrhenian Sea.

In southern Tuscany these are, from top to bottom (Figure 2): (a) the Ligurian and
Sub-Ligurian Units, consisting of remnants of Jurassic oceanic and transitional crust and
their related Cretaceous–Oligocene sedimentary cover; (b) the Tuscan Units including the
Triassic-early Miocene sedimentary (Tuscan Nappe) and Palaeozoic-Triassic metamorphic
succession. According to [29,30], this metamorphic succession can be broadly subdivided in
(i) a late Cambrian?-Mississippian basement (affected by deformation during the Variscan
orogenesis) and (ii) a Late Pennsylvanian to Triassic sedimentary cover, deposited during
the Variscan post-collisional events.
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Figure 2. Tectono-stratigraphic columns illustrating the main features of the paleogeographic do-
mains of the inner Northern Apennines (redrawn from [27,31]).

The Palaeozoic basement is made up of quartzites and phyllite with acidic to interme-
diate metavolcanic rock (porphyroid). At their top, black shale, radiolarite (lydian stone)
and metacarbonate deposits (dolostone, calcschist) have been detected [4,10,32–34]. This
succession, attributed to the Cambrian?-Devonian, on the basis of scattered fossils [4] and
U/Th radiometric dating [21–23], is classically related to the central-southern Sardinia
succession [35] and is considered to be involved in the Variscan orogeny during the early
Carboniferous [12]. In the Inner Northern Apennines, Palaeozoic rocks involved in the
Variscan deformation extensively crop out in the La Spezia-Apuan Alps-Mt. Pisani area,
while smaller exposures are located in the Tuscan Archipelago (Elba island) and southern
Tuscany (Figure 3). It is noteworthy that some deep wells in northern Tuscany (Pontremoli)
and in the geothermal area of southern Tuscany are believed to have intersected deformed
Variscan rocks [2,8,9,12,14,36–40].

The “post-Variscan” Palaeozoic-Triassic sedimentary succession (referable to the
Phyllite-Quartzitic Group of [41]) is mostly exposed in the Monticiano-Roccastrada Unit
(Figures 3 and 4), along the Middle Tuscan Ridge, in three different main tectonic units,
as defined by [19]: Iano Sub-Unit 1; Monte Quoio-Montagnola Senese Sub-Unit 2; Monte
Leoni-Farma Sub-Unit 3—Figure 4. Only minor outcrops are present elsewhere, and locally
drilled by boreholes [1,9,10,37,42–46].
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Figure 3. Distribution of metamorphic units in Tuscany, including Variscan deposits (in black).

This succession is formed by phyllite, metasandstone, metaconglomerate with lo-
cal carbonate levels attributed to Mississippian-late Permian on the basis of the fos-
sil [16,18,44,47–49], palynoflora content [24,25] and radiometric dating [23]. Its evolution is
related to rifting [1], transcurrent/transtensive pull-apart basins [5,50] or to late Variscan
compressional events [9,19].

The uppermost part of the succession is represented by the typical Triassic continental
quartz-dominated clastic sedimentation belonging to the Verrucano Group [51–53].

During the Apennines collisional stages, the above-mentioned Palaeozoic-Triassic
successions were involved in duplex structures, up to HP-LT conditions (P ≥ 1.1 GPa
and T ~ 350–400 ◦C) and retrograde green schist metamorphic conditions [54–61]. Their
exhumation was favoured by the development of Miocene extensional detachments [26,62],
which produced extensional horses (i.e., megaboudins [63]) and the lateral segmentation of
the previously stacked tectonic units.
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Figure 4. (a) Schematic sketch of the Middle Tuscan Ridge with geographic distribution of the three
structural Sub-Units; (b) Simplified stratigraphy and tectonic relation among the three Sub-Units
(redrawn from [64]).

Variscan Basement in Southern Tuscany: The Risanguigno Formation

In this framework, the Risanguigno Fm represents the only cropping out unit in
southern Tuscany assigned to the Palaeozoic basement. It is part of Sub-Unit 2 (Monte
Quoio-Montagnola Senese) of the Monticiano-Roccastrada Unit (Figure 4).

Such a formation was initially defined in the type locality of the Risanguigno Creek
by [4]. These main exposures were previously described by [47,65], although interpreted
as part of another formation (Boccheggiano Fm). Subsequently, [20,66,67] related other
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outcrops exposed in the surroundings (Farma River, Figures 4 and 5) to the Risanguigno
Fm, furthermore recognized in a few boreholes [68].

Figure 5. New geological maps of the study areas and related geological cross sections: (a) Risanguigno Creek; (b) Farma
River (previous maps from [20,64,65]). See Figure 4 for their location.

The base of the formation is never exposed, although [20] postulated the presence of
a basal stratigraphic unconformity separating the Risanguigno Fm from the underlying
Variscan deformed units.
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At the top, the Risanguigno Fm is in contact with the Poggio al Carpino Fm [64], a
middle-late Permian [19,25,69] clast- to matrix-supported polymictic conglomerate, often
alternated with grey quartzose sandstone and subordinate dark grey phyllite [70]. The
contact between the Risanguigno and Poggio al Carpino formations is described as an
angular unconformity by [18], in contrast with [20], indicating that the Poggio al Carpino
Fm stratigraphically overlies the lower unit.

From a sedimentary point of view [2,18,19], the Risanguigno Fm is composed by black-
grey graphitic to bituminous phyllite intercalated with cm- to dm-thick alternations of:
(i) grey-greenish to black quartzose, granolepidoblastic metasandstone and siltstone with
iron-rich carbonate matrix and detritic mica, (ii) cm-thick microcrystalline, granoblastic
dolostone rich in detritic quartz and white mica, (iii) silicified grey metalimestone, and (iv)
thinly bedded, grey-greenish to black chert and radiolarian lydite. A chert sub-sequence,
up to 4.5 m thick and intercalated with fine-grained clastics, was also recognized in close
outcrops by [66], and later correlated with the small chert sequence present also in the
Risanguigno type locality [20]. Anhydrite in the silicified limestone is reported by [17,65],
while this is not described by [68]. Local post-tectonic chloritoid needles are reported in
the metasandstones and metasiltstones by [2].

Rocks are strongly deformed, making the stratigraphic reconstruction difficult. By this,
and due to the fact that the basal contact is not exposed, the thickness of the Risanguigno
Fm is unknown and only inferred in 40 m, at least [20].

Regarding the fossiliferous content, [4,71] reported a conodont fauna, characterized
by Ozarkodina denckmanni, Panderodus unicostatus and Icriodus sp. This fauna was recovered
from the dolostone levels in the type locality at the altitude of 304 m along the Risan-
guigno Creek.

Regarding the chert-subsequence, [4,68] accounted for the presence of recrystallized
radiolaria, often well preserved although flattened during deformation.

The formation, originally attributed to a generic Carboniferous by [47,65], was ascribed
to the Early Devonian on the basis of the conodont fauna [4]. Alternatively, [66] suggested
a Tournaisian-Visean age based on the radiolaria observed in the chert sub-sequence,
while [17,20] related these siliceous portions to late Devonian-early Carboniferous (late
Emsian to Visean?) on the basis of the lithological correlation with similar deposits in the
circum-Mediterranean area.

Similarly, the interpretation of the depositional environment is matter of debate.
Ref. [4] proposed a shallow marine origin, while [17] favoured a moderately deep water
basin origin, owing to the presence of the siliceous portions. In contrast, [71] suggested an
epicontinental shelf characterized by recurrent anoxic conditions, while [20] accounted for
a highly condensed sequence deposited in a starved, low energetic, distal and relatively
deep marine environment.

From a tectonic point of view, the Risanguigno Fm is described as intensely deformed
and marked by a metamorphic grade higher than the one affecting the overlying formation,
i.e., the Poggio al Carpino Fm [4]. In this view, according to [9,37], the Risanguigno Fm
evidences relics of a pre-Alpine deformation, interpreted as a Variscan syn-metamorphic
tectonic foliation relatable to the Sudetic event.

3. Materials and Methods

A detailed field survey was carried out in key areas where the Risanguigno Fm is
exposed. The fieldwork was dedicated to field mapping and data collection for describ-
ing the deformation affecting the Risanguigno Fm and the overlying units. During the
survey, 21 samples of black phyllite, metasiltstone and metacarbonate (16 samples from
the Risanguigno Creek and 5 samples from the Farma River (Table 1) were collected for
petrographic, microfacies and biostratigraphic studies. Palynological samples (c. 20 g each
for phyllite and metasiltstone lithologies and 100 g each for metacarbonate samples) were
treated by standard palynological acid maceration (with 37% HCl, 50% HF, boiling HCl
10%), density separation of the organic matter (using a ZnCl2 solution) and filtration of
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the organic-rich residue at 10 μm. As a result of the high degree of thermal alteration, the
organic residue was treated with Schultz solution and filtered with 10 μm sieve.

Table 1. Analysed samples, with related geographical coordinates, lithology and content (quotes in meter above sea level
—m a.s.l.).

Sample Locality Quote Latitude Longitude Lithology Analysis Content

RIS 1 Risanguigno
Creek 304 m a.s.l. 43◦8′3.85′ ′ N 11◦11′38.13′ ′ E Black phyllite Palynology productive

RIS 2 Risanguigno
Creek 304 m a.s.l. 43◦8′4.03′ ′ N 11◦11′37.84′ ′ E

Fine
metasand-

stone
Palynology barren

RIS 3 Risanguigno
Creek 304 m a.s.l. 43◦8′4.34′ ′ N 11◦11′33.84′ ′ E Black phyllite Palynology productive

RIS 4 Risanguigno
Creek 304 m a.s.l. 43◦8′4.43′ ′ N 11◦11′33.74′ ′ E Black phyllite Palynology productive

RIS 5 Risanguigno
Creek 304 m a.s.l. 43◦8′8.01′ ′ N 11◦11′32.15′ ′ E Black phyllite

and lidyte Palynology productive

RIS 6 Risanguigno
Creek 304 m a.s.l. 43◦8′7.95′ ′ N 11◦11′32.12′ ′ E Black phyllite

and lidyte Palynology productive

RIS 7 Risanguigno
Creek 304 m a.s.l. 43◦8′7.98′ ′ N 11◦11′32.11′ ′ E Black phyllite Palynology productive

RIS 11 Risanguigno
Creek 304 m a.s.l. 43◦8′3.77′ ′ N 11◦11′40.46′ ′ E Black phyllite Palynology barren

RIS 12 Risanguigno
Creek 304 m a.s.l. 43◦8′4.72′ ′ N 11◦11′34.02′ ′ E Dolostone Palynology barren

RIS 13 Risanguigno
Creek 304 m a.s.l. 43◦8′7.76′ ′ N 11◦11′31.90′ ′ E Dolostone Palynology barren

RIS 14 Risanguigno
Creek 324 m a.s.l. 43◦7′46.76′ ′ N 11◦11′43.98′ ′ E Black phyllite Palynology barren

RIS 15 Risanguigno
Creek 324 m a.s.l. 43◦7′47.91′ ′ N 11◦11′43.53′ ′ E Black phyllite Palynology productive

RIS 16 Risanguigno
Creek 324 m a.s.l. 43◦7′47.95′ ′ N 11◦11′43.44′ ′ E Black phyllite Palynology productive

RIS 17 Farma River 265 m a.s.l. 43◦5′15.41′ ′ N 11◦11′23.57′ ′ E Metasiltstone Palynology productive

RIS 18 Farma River 265 m a.s.l. 43◦5′15.32′ ′ N 11◦11′24.59′ ′ E Black phyllite Palynology productive

RIS 19 Farma River 270 m a.s.l. 43◦5′20.19′ ′ N 11◦11′13.15′ ′ E Black phyllite Palynology barren

RIS 20 Farma River 270 m a.s.l. 43◦5′20.13′ ′ N 11◦11′13.22′ ′ E Metacarbonate Palynology barren

RIS 21 Farma River 270 m a.s.l. 43◦5′20.10′ ′ N 11◦11′13.28′ ′ E Metacarbonate Palynology/
Conodonts barren

RIS 22 Risanguigno
Creek 304 m a.s.l. 43◦8′4.22′ ′ N 11◦11′33.97′ ′ E Dolostone Palynology/

Conodonts barren

RIS 23 Risanguigno
Creek 304 m a.s.l. 43◦8′4.28′ ′ N 11◦11′33.79′ ′ E Dolostone Palynology/

Conodonts barren

RIS 24 Risanguigno
Creek 304 m a.s.l. 43◦8′4.18′ ′ N 11◦11′35.98′ ′ E Dolostone Palynology/

Conodonts barren

Light microscope observations were performed on palynological slides using a Leica
DM1000 microscope (Leica, Wetzlar, Germany) using the differential interference contrast
technique in transmitted light. Images were captured using the camera on the digital micro-
scope and successively corrected for contrast and brightness using the open-source Gimp
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software. The palynological slides are stored at the Sedimentary Organic Matter Laboratory
of the Department of Physics and Geology, University of Perugia, Italy. Metacarbonate
samples were collected from dolostone levels for the analyses of conodont content and
processed by standard procedures using 10% acetic acid. The residue was washed through
a 71 μm sieve.

4. Results

The results are summarized in different sections, according to the main issues of
lithology, fossil content, and deformation.

4.1. Lithological Characteristics

The outcrops exposed in the Risanguigno Creek and Farma River were revisited
(Figure 5).

In the Risanguigno Creek, the formation crops out in two small windows (quote
304 m and quote 324 m a.s.l.) in correspondence of the riverbed (Figure 5a). A small
supplementary outcrop, never described before, was discovered along the riverbed at
quote 300 m. The Risanguigno Fm is mostly dominated by black to grey phyllite, locally
intercalated by cm-thick level and lenses of metasandstone and metasiltstone (Figure 6a,b).
Only in the outcrop of quote 304 m is phyllite intercalated with cm-thick beds and lenses
of microcrystalline dolostone and silicified grey metacarbonate (Figure 6c). These are
geometrically positioned below a small succession (max 2 m thick) displaying alternation
of phyllite and chert beds/lydite in thinly bedded laminae (Figure 6d). The transition from
the Risanguigno Fm to the overlying grey quartzose metasandstone and metaconglomerate
formation (Poggio al Carpino Fm) is marked by a sharp angular unconformity (Figure 6e).

Along the Farma River, outcrops are located close at the Ferriera locality, on the right
bank of the riverbed at quote 270 m and 265 m a.s.l. (Figure 5b). Black bituminous phyllite,
locally smelly and rich in millimetric-sized crystals of pyrite, is the dominant lithotype.
Conversely, metasandstone and metasiltstone, as also dolostone and metacarbonate, are less
diffuse. The 4.5-m-thick chert sequence evidenced by [66] constitutes the main lithological
variation and morphological prominence (Figure 6f,g). Similarly to the Risanguigno Creek,
here, also, the chert beds are positioned at the top of the succession, immediately below the
Poggio al Carpino Fm.

In both valleys, the complete stratigraphic reconstruction is prevented by an intense
folding (see the next paragraph).

4.2. Fossiliferous Content

Twenty-one samples were obtained from almost all the analysed outcrops. In the
Risanguigno Creek, three samples were from quote 324 (RIS14, 15, 16) and thirteen from
quote 304 (RIS1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 22, 23, 24). In the Farma River, two samples
were from quote 265 (RIS17,18) and three from quote 270 (RIS19, 20, 21). All of them were
analysed for their palynological content. Four samples were analysed for conodont content
(Table 1).

4.2.1. Palynological Content

Ten samples out of 21 were productive, even yielding strongly degraded palynofloral
assemblages (Table 1). Degradation was mainly due to intense in situ pyritization affecting
the exine of miospores. A low metamorphic grade with a temperature of about 350–
400 ◦C [56] was recognized. Nonetheless, different organic microfossils were recognized,
adding new data for the age determination of the Risanguigno Fm. The palynological
assemblage mainly consists of ornamented forms as Auroraspora balteola, Claytonispora
distincta, Retialetes radforthii, Vallatisporites? hystricosus, Perotrilites magnus, Spelaeotriletes
balteatus, S. pretiosus and Grandispora sp. Different tetrads of indeterminate apiculate spores
also occur (Figure 7).
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Figure 6. Lithological characteristics of the Risanguigno Fm: (a) view of the dominant black phyllite; (b) thin intercalations
of metasiltstone lenses; (c) examples of metacarbonate beds; (d) example of thin laminae and beds of lydite; (e) upper
contact of the Risanguigno Fm with the Poggio al Carpino Fm with evidence of the angular unconformity; (f) chert sequence
cropping out along the Farma River; (g) detail of thinly laminated chert sequence.

4.2.2. Conodont Content

All processed samples were barren in terms of conodont content.

4.3. Deformation

The Risanguigno Fm, together with the overlying units (Permian Poggio al Carpino
Fm and Triassic Verrucano Group) exposed in the Risanguigno Creek and Farma River
(Figure 5), are commonly involved in polyphase folding characterized by superposed F1
and F2 folds, with NS and NS-NNE axial trends, respectively.
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Figure 7. Miospores from Risanguigno Formation. Scale bar indicates 10 μm. (1) Claytonispora
distincta Playford and Melo 2012 (slide: RIS 3). (2) Pustulatisporites sp. (slide: RIS 3). (3) Retialetes
radforthii Staplin 1960 (slide: RIS 15). (4,15) Indeterminate miospore (slide: RIS 15). (5) Tetrad of
indeterminate apiculate spores (slide: RIS 3). (6,7). Vallatisporites? hystricosus (Winslow) Byvscheva
1985 (slide: RIS 15). (8) Auroraspora balteola Sullivan 1964 (slide: RIS 3); (9) Spelaeotriletes balteatus
(Playford) Higgs 1975 (slide: RIS 15). (10,11) Indeterminate spore with a heavily pyritized exine. (slide:
RIS 15). (12) Spelaeotriletes pretiosus (Playford) Neves and Belt 1970 (slide: RIS 18). (13) Grandispora sp.
(slide: RIS 15). (14) Perotrilites magnus Hughes and Playford 1961 (slide: RIS 15).

Both folding events are referrable to the Alpine evolution. F1 folds are the prominent
structures and involve the entire succession, defining the main shape and geometries of
the exposures (Figures 8 and 9). F1 folds range from map-scale to outcrop-scale and have
hectometre- to decimetre sizes (Figure 8). These consist of tight and isoclinal recumbent
folds, with axial planes steeply dipping toward west. F1 hinge lines mostly dip gently
toward S-SE (Figure 8), although in some rare cases they dip toward N-NW (Figure 9).
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Figure 8. N-S trending F1 folds affecting the metasandstone and metapelite succession of the Poggio al Carpino Fm exposed
in the Risanguigno Creek. (a) F1 sub-isoclinal folds and related S1 axial planar tectonic foliation and related stereographic
diagram (lower hemisphere, equiareal diagram); (b,c) enlarged sector of the F1 hinge zones indicated in (a) and showing the
S0/S1 angular relationships also shown in the stereographic diagram (lower hemisphere, equiareal diagram); (d,e) hinge
zone of F1 fold with a pervasive axial planar S1 tectonic foliation developed within the metapelite; relationships between S0

and S1 are indicated in the stereographic diagram (lower hemisphere, equiareal diagram).

In the quartz-metasandstone and metaconglomerate, S1 is a rough cleavage, as high-
lighted by the differentiated domains when alternating quartzitic and micaceous layers
are present. The L1 object lineation occurs in the phyllite and metasilstone, defined by
elongated quartz and mica lenses tracking the x axis of the finite strain ellipse.
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Figure 9. Macroscopic scale deformation pattern of the phyllite and metacarbonate belonging to the Risanguigno Fm.
(a) detail of the contact separating the Risanguigno Fm from the Poggio al Carpino Fm and geometrical relationships
between S0/S1 and S2 foliations (see the text for more details) also indicated in the stereographic diagram (lower hemisphere,
equiareal diagram). (b) Penetrative S1 foliation crossing the metaconglomerate level belonging to the basal part of the
Poggio al Carpino Fm. (c) Centimetre-scale isoclinal F1 folds and the S1 axial planar tectonic foliation crossed by the S2

tectonic foliation. (d,e) F2 open folds affecting the S0/S1 foliations affecting phyllite and metacarbonate levels.

At the microscopic scale, S1 relates to a continuous foliation, mainly defined by elon-
gate quartz layers, formed by flattened and dynamically recrystallized grains, alternated
with mica-rich domains (Figure 10a,b). Mica domains are mainly composed of fine-grained
white mica and biotite (Figure 10a–d) with locally developed chloritoid crystals, grown
both along the main foliation and crossing it (Figure 10d).
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Figure 10. (a,b) Phyllitic quartzite (Risanguigno Fm) showing the S1 foliation consisting of meta-
morphic layering made up of quartz and white mica + biotite levels ((a) plane polarized light; (b)
crossed polars). (c,d) Microscale F1 fold with associated S1 foliation mainly formed by quartz +
white mica + biotite + chloritoid. This latter is also represented by post-kinematic bigger crystals
(see (e)), suggesting syn- and post-S1 development ((c) plane polarized light; (d) crossed polars).
(f,g) Mineralogical association of the S1 foliation developed within carbonate rich levels, mainly
composed by qtz + cc + white mica + biotite + chloritoid ((f) plane polarized light; (g) crossed polars).
(h,i) s-c shear zone (top-to-the right) affecting the organic matter-bearing phyllite and developed
coevally with the S1 foliation; the latter is affected by a later crenulation cleavage possible related to
the F2 folding event ((h) plane polarized light; (i) crossed polars).
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Syn-kinematic calcite locally developed within the polycrystalline quartz-rich layers
(Figure 10e,f). Localized mylonitic layers with mica fish structures (Figure 10 g,h) developed
mainly at the boundary between quartz- and mica-dominated domains. F2 folds are also
recognisable both at the map and outcrop scale and display hectometre to decimetre
sizes (Figures 8 and 9). F2 folds deformed F1 isoclinal folds and their related S1 axial
planar foliation. F1/F2 fold interferences have been reconstructed in the Farma Creek
area (Figure 8), where F1 folds affecting the Triassic and Palaeozoic succession have been
deformed by top-to-the-East verging F2 folds. F2 folds consist of gentle to close folds, in
some cases overturned. Axial planes are gently to moderately dipping toward West. F2
hinge lines are sub-horizontal or deep gently toward SSW (Figure 9).

An axial-planar foliation (S2) is associated with F2 folds, well developed only in the
metapelite levels (Figure 9). It ranges from spaced disjunctive to a crenulation cleavage. At
the microscopic scale, the S2 consists of a spaced foliation often producing zonal crenulation
cleavage defined by symmetric or asymmetric microfolds.

5. Discussion

The newly obtained data, especially from the bio-chronological perspective, allow us
to frame the Risanguigno Fm in a new scenario with fallouts in the Palaeozoic palaeogeog-
raphy of Gondwana. We describe this in the following sections.

5.1. New Bio-Chronological Framework of the Risanguigno Fm

The palynological assemblage shows similar compositional characteristics to those
documented in the Mississippian successions of Western Europe, northern Gondwana and
other areas.

Auroraspora balteola was documented in the mid-Visean within the Knoxisporites
triradiatus-Knoxisporites stephanephorus (TS) Zone of Kammquartzite Formation in the Rheno-
hercynian Zone (Germany; [72]) and in the late Visean of England [73] in assemblage with
Spelaeotriletes pretiosus in the Tournaisian of eastern Scotland [74]. This last taxon marks
the base of the Spelaeotriletes pretiosus-Raistrickia clavata (PC) Zone attributed to the late
Tournaisian and first described from SW Britain [75] and from Ireland [76]. Later, in the
latter country, [77] also documented the PC biozone, characterized by the occurrence of
S. balteatus and Claytonispora distincta within a stratigraphic interval attributed to middle-
late Tournaisian on the basis of conodont fauna. In Belgium, the base of the PC biozone
occurred within the upper Siphonodella crenulata conodont Zone (late Tournaisian, [78]).
Spelaeotriletes pretiosus was also reported in assemblage with S. balteatus from other Mis-
sissippian sequences of Western Europe [79–82], North America [83–86] and China [87].
The species was also documented from similar-aged rocks in some regions of Northern
Gondwana. In particular, in North Africa, [88,89] considered microfloristic assemblage
marked by the occurrence of S. pretiosus, S. balteatus and Vallatisporites vallatus of late
Tournaisian age, without excluding a younger early Visean age. In Algeria, S. pretiosus
occurred in the middle Tournasian-lower Visean palynozones [90,91]. In Libya, a sim-
ilar microflora was found in the late Tournaisian-Visean time interval (palynozones XI
and XII [92]; palynozones 13 and 14 [93,94]). Analogous palynoflora also occurs in the
Tournaisian-early Visean of Saudi Arabia [95,96] and the Central Iranian Basin [97]. In
Southeastern Turkey, [98] tentatively correlated the Spelaeotriletes pretiosus-Aratrisporites
saharensis assemblage, where Vallatisporites hystricosus also occurs, with the PC biozone of
Western Europe. In Western Gondwana regions, a similar assemblage also characterizes the
late middle to early late Tournaisian Spelaeotriletes pretiosus-Colatisporites decorus Biozone
documented from Brazil [99–105]. On the other hand, in the northern Gondwana regions, S.
balteatus was also documented in slightly younger time-intervals (e.g., Visean of Libya [89];
Visean of Morocco [106]; Visean-Bashkirian of Saudi Arabia [95,107]).

Regarding the conodont content previously reported by [4], the new investigation
carried out in the same levels was not productive. This negative evidence, coupled with the
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contemporaneous presence of a younger-aged rich microflora, suggests that the previously
reported conodonts were reasonably reworked fossils, deriving from older deposits.

Therefore, based on the stratigraphic range of the recorded microflora, we can confirm
the age of Risanguigno Fm as being late Tournaisian-Visean, as already suggested by [66]
on the basis of radiolarian fossil content.

5.2. Paleoenvironmental Insights

The Risanguigno Fm depositional environment was highly debated in previous stud-
ies and alternatively attributed to shallow [4], moderate [7,64] or relatively deep marine
environments [20]. The presence of Middle Mississippian metacarbonate/dolostone and
siliceous portions (lydite beds) seems consistent with carbonate-to-radiolarite platform
environment, also recognized in several lower Carboniferous tectofacies (eastern Southern
Alps, Karawanken Mountains, external Dinarides, southern margin of the Pannonian Basin,
Aegean islands, Calabria and southern Sardinia [7,107]) of the central Mediterranean area.
Accordingly, the lydite deposits do not necessarily require a deep-water environment since
these can develop in different depositional areas [108,109], especially if associated with a
local silica-enrichment related to volcanic activity in nearby zones [4]. In this view, it is
worth remembering that the Variscan evolution was associated with a widespread magma-
tism during the late Carboniferous [110–112], as well as during the Mississippian [112–115].
On the other hand, the organic-rich property of the phyllite supports the deposition in
a starved, oxygen-deficient environment. In fact, the finding of spores characterized by
pseudosculpture induced by deposition of pyrite crystals in the wall (exine) interstices is
indicative of syn-depositional pyrite, suggesting that the water/sediment interface was in
a strongly reducing state [116–119]. Regarding the bathymetric definition of this anoxic
environment, the interpretation remains difficult. Nonetheless, the type and morphology
of the recovered microflora are indicative of a shallow-marine-to-epicontinental deposi-
tional environment: the presence of ornamented spores and tetrads suggest a proximal
depositional environment since the spores were selected according to their hydrodynamic
equivalence, and the tetrads did not maintain their integrity along the distal direction [120].

Consequently, we interpreted the Risanguigno Fm as being deposited during the Mid-
dle Mississippian in a shallow-marine-to-epicontinental setting, characterized by starved,
anoxic condition in its lower portion and progressively evolving to carbonate-radiolarite
platform. Some authors [121] have evidenced that chert sedimentation dominated during
the late Devonian and Mississippian in the tropical Palaeotethys strait, and associated their
development with sea-level rise.

The organic-rich deposit could also be related to oceanic anoxic events known for the
late Frasnian to Late Mississippian age and influenced by global climatic and oceanographic
changes. One of these corresponds to the mid-Tournaisian carbon isotope excursion
(TICE) [122,123], as indicated by the largest positive δ13C excursion in the Phanerozoic.
This is related to the climatic transition between the Devonian greenhouse and the late
Paleozoic ice age [124]. Such TICE was interpreted as being the result of either Oxygen
Carbon sequestration in foreland basin deposits (tectonic-sedimentation driver [122,125])
or oxygen minimum zone expansion (marine anoxia driver [126–129]).

5.3. Stratigraphic Setting

The new palynological evidence frames the Risanguigno Fm in the Mississippian,
thus implying a reconsideration of the southern Tuscany Palaeozoic setting.

The Risanguigno Fm represented an issue in the lateral juxtaposition with the other
southern Tuscany Palaeozoic deposits belonging to the three sub-units of the Monticiano
Roccastrada Unit (i.e., Sub-Unit 1: Scisti di Iano Fm—[130,131]; Sub-Unit 3: Calcari di
S.Antonio-Scisti a Spirifer formations—[16,18]—Figure 4b). The new attribution of the
Risanguigno Fm to the Middle Mississippian implies a stratigraphic correlation with all
these Carboniferous deposits as representing different portions of a same marine deposi-
tional environment, evolving through time.
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In this view, the Risanguigno Fm is interpreted as the older cropping out deposits
of the basin. This shallow marine-to-epicontinental setting was progressively evolving,
in its upper part, to a Moscovian shale-carbonate deposition (Calcare di S.Antonio Fm—
Scisti a Spirifer Fm; [16,18]—Figure 11) and open marine environment during Upper
Pennsylvanian (Scisti di Iano Fm. [131]). A similar age (up to lower Permian) is also
testified for the continental succession (Scisti di San Lorenzo Fm; [132]) exposed in the
northernmost area of Tuscany (Figure 11).

 
Figure 11. Stratigraphic chart relating the different successions of the Monticiano-Roccastrada Unit located in the Middle
Tuscan Ridge (for location, see Figure 4a): Pisani Mts: 1a—Scisti di San Lorenzo Fm; 1b—Breccia di Asciano Fm; Iano
(Sub-Unit 1): 2a—Scisti di Iano Fm; 2b—Breccia e Conglomerati di Torri Fm; 2c—Scisti Porfirici Fm; 2d—Fosso del Fregione
Fm; Mt. Quoio-Mt. Senese (Sub-Unit 2): 3a—Risanguigno Fm; 3b—Poggio al Carpino Fm; Mt. Leoni- Farma River (Sub-Unit
3): 4a—Calcare di Sant’Antonio Fm; 4b—Scisti a Spirifer Fm; 4c—Farma Fm—Falsacqua Fm; 4d—Carpineta Fm—Quarziti
di Poggio alle Pigne Fm; 4e—Le Cetine Fm.-Conglomerato di Fosso Pianacce Fm. See the main text for references.

This Carboniferous-lower Permian deposition was succeeded by a second middle-
late Permian sedimentary cycle (see, e.g., [5] for a review) where the older deposits
were partially dismantled and accumulated in the new one. This is also testified in the
Monticiano-Roccastrada area by the occurrence of numerous clastic fragments relatable
to the Risanguigno Fm [4], or by the presence of middle Carboniferous (late Visean-early
Namurian: [16,47–49,133,134]) clasts, bioclasts and olistoliths embedded within the middle-
late Permian Farma and Carpineta formations [70].

5.4. Deformation Insights

The deformation evidenced by the structural survey indicates that the Risanguigno Fm
shared its tectono-metamorphic evolution with the overlying middle-late Permian Poggio
al Carpino Fm and Triassic Verrucano Group, therefore highlighting their involvement in
the Alpine deformational history. Noteworthy, neither outcrop-scale nor microscopic-scale
evidence suggests the involvement of the Risanguigno Fm in a pre-Alpine deformation.
This implies that the depositional environment of the Risanguigno Fm remained reason-
ably external to the orogenesis of Variscan chain, even during the formation of foreland
and/or piggy-back basins. In this view, the presence of a Variscan tectonic phase in ex-
plaining the angular unconformity separating the Risanguigno Fm with the overlying
Poggio al Carpino Fm and attributed to the Sudetic [15,43] or Bretonian phase [9,18,38] is
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denied. Therefore, such an angular unconformity is to be considered as having developed
during the Carboniferous-Permian post-collisional tectonic regime [32,45,53], giving rise
to short-lived, possibly pull-apart basins, dominated by continental to shallow-marine
conditions [5].

5.5. Paleogeographical Implications

According to several reconstructions [1,5,135–141], during the Variscan evolution the
Mississippian foredeep and piggy-back basin facies are always represented by coarse-
dominated deposits (Culm facies—[141–144]) rapidly involved in the orogenesis and
then progressively dismantled during exhumation and uplift. Accordingly, this foredeep
basin was considered as possibly having been affected by late Variscan deformation [9,19],
thus determining basins and rises, bringing to highly diverse depositional settings [20].
Coupling this latter interpretation with the results of the new structural survey (which
rules out the Variscan deformation), we conclude that the Risanguigno Fm is not related
to the Culm deposits. Thus, we propose the Risanguigno Fm as the oldest deposits of
this sedimentary succession promoted in the “stable” Gondwana foreland that developed
within fairly narrow continental or epicontinental domains. These depositional features
could have favoured the low-energy, anoxic environments.

These settings evolved during the Late Pennsylvanian-Permian [32,45,64], originating
graben/semigraben [1] or transcurrent/transtensive pull-apart basins [5,32,145] dominated
by continental (Scisti di San Lorenzo Fm [131]) to shallow-marine conditions (Scisti di Iano
Fm [130]), or local development to carbonate platform (Calcare di S. Antonio Fm [7]).

6. Conclusions

The new palynological-fossiliferous data for the Risanguigno Fm, coupled with its
sedimentary and deformational setting, make it possible to assign it to the Middle Mississip-
pian (late Tournasian-Visean) and to exclude its encompassment in the Variscan basement.

For this reason, it is possible now to exclude in southern Tuscany the outcrops of
successions deformed during Variscan Orogenesis. Consequently, the Tuscan Crystalline
Basement (Cambrian?-Devonian) is only exposed in the northern Tuscany (Apuan Alps,
Pisani Mts and La Spezia area) and Tuscan Archipelago (Elba Island).

Sedimentation of Risanguigno Fm occurred in a shallow-marine-to-epicontinental
setting, characterized by starved, anoxic conditions. This setting, localized in the Variscan
foreland, evolved to open marine during the Pennsylvanian-Permian without any involve-
ment in the Variscan Orogenesis.

On these bases, the Tuscan Palaeozoic-Triassic sedimentary succession (Phyllite-
Quartzitic Group of [40]), classically considered as “post-Variscan” and now comprising the
Middle Mississippian Risanguigno Fm, is no more to be related to the Variscan Orogenesis.
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Abstract: A large dataset of lithostratigraphic and biostratigraphic data, concerning the Early-Late
Miocene turbidite succession of the Umbria pre-Apennines, is presented and analyzed. The data
come from the study of 24 sections that are representative of all the main tectonic units cropping out
between the front of the Tuscan allochthon and the Umbria-Marche calcareous chain. The sections
have been dated using quantitative calcareous nannofossil biostratigraphy and, wherever possible,
they were correlated through key-beds recognition. Such a multidisciplinary approach allowed us to
reconstruct the evolution of the Umbria foredeep over time and to unveil the chronology of compres-
sive deformations by defining: (i) the onset of the foredeep stage in each structural unit, (ii) the age of
depocenter-shifting from a unit to the adjacent one, (iii) the progressive deactivation of the western
sector of the foredeep due to the emplacement of allochthon units, and (iv) the internal subdivisions
of the basin due to the presence of foreland ramp faults or thrust-related structures. A further original
outcome of our study is having brought to light the Late Burdigalian “out-of-sequence” reactivation
of the Tuscan allochthon which bounded westward the foredeep, and the subsequent protracted
period of tectonic stasis that preceded the deformations of the Umbrian parautochthon.

Keywords: Umbria pre-Apennines; foreland basin systems evolution; timing of contractional tecton-
ics; biostratigraphic constraints to foredeep deposition

1. Introduction

It is widely recognized that, in a foreland basin system, the spatial-temporal dis-
tribution of sedimentary processes reflects the tectonic deformations which drove its
structuring [1,2]. Such a close link between the evolution of the chain and the depositional
events that occurred in the foredeep and the associated satellite basins is well documented
in any stage of the Apennines orogenic system [3–7].

During their eastward migration, the foreland basin systems of the Apennines in-
cluded the following tectono-sedimentary zones [1,2,8]: (i) piggyback or thrust-top basins,
characterized by continental and shallow marine deposition occurred unconformably above
older foredeep successions, (ii) foredeep basin, a high-subsidence basin hosting deep-water
turbidites lying in slight unconformity on pre-orogenic successions, and (iii) forebulge sec-
tor, where sedimentation of hemipelagic ramp-mud [9] occurred, in substantial conformity,
on the foreland monocline.

We tried to reconstruct the nature and timing of the tectonic events which affected
the Umbria pre-Apennines based on a detailed litho- and bio-stratigraphic analysis of the
sin-tectonic successions outcropping in the sections shown in Figure 1, which have been
selected taking into account also their present structural setting.

Geosciences 2021, 11, 97. https://doi.org/10.3390/geosciences11020097 https://www.mdpi.com/journal/geosciences
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Figure 1. Structural Geological scheme of the study area showing the main tectono-stratigraphic units in which the
Early-Middle Miocene Marnoso Arenacea basin is presently split according to the data reported in [10–16]. Asterisks
and acronyms locate the studied sections as explained in the following: REN Unit: Ml = I Molini, Ms = Monte Sperello,
Cv = Castelvieto, Im = Il Molino; Mt Nero Unit: Ba = Balconcelli, Co = Corciano, Mn = Monestevole, Fb = Fosso della
Badia, Sp = Case Spertaglia, Mc = Monte Casale, Ve = Vesina; M. S. Maria Tiberina area: Sl = San Lorenzo, Mr = Monte
Cedrone; Pietralunga Unit: Pz = Piazze, Sc = Santa Cecilia, Po = Portole, Vm = Valmarcolone, Ss = Sassarone, Pt = Pietralata,
Mo = Moravola; Gubbio Unit: Cs = Contessa, Be = Bavelle; Mf = Madonna dei 5 Faggi, Bf = Belfiore.

The Umbria pre-Apennine is a ~40 km-wide belt delimited to the west by the front
of the Tuscan Falterona nappe and to the east by the inner border of the Umbria-Marche
calcareous chain (Figure 1) [10–14].

Its shallow structure consists mainly of an east-verging imbricate fan formed by the
stacking of Early to Late Miocene successions of turbidites and hemipelagites. Within the
pre-Apennine, the Meso-Cenozoic Umbria-Marche multilayer crops out only in correspon-
dence of narrow culminations located in the Perugia Mts ridge (west of the Tiber river) and
in the Gubbio and Mt Subasio doubly plunging anticlines (eastern Umbria, Figure 1).
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The major thrust-sheets correspond to regional tectono-stratigraphic units referred to,
in the literature, as Mt Rentella, Mt Nero, Pietralunga, Gubbio, and Mt Vicino units, from
west to east (Figure 1) [11–15]. The turbidite succession characterizing each one of these
units differs from the neighboring ones as regards the age of the top of the basal ramp-mud,
the time interval during which the turbidite sedimentation took place, the feeding areas of
the gravity flows, and their dispersal pattern [15–20].

A clear eastward-younging trend is documented by the ages through which each unit
evolved, from the foreland to the foredeep stage, and was progressively incorporated into
the chain.

In fact, as highlighted by previous biostratigraphic data, thrusting rejuvenated from
the Late Burdigalian, in the Mt Rentella Unit, to the Early-Late Tortonian, in the easterner
Gubbio ad Mt Vicino units [15–17,21–23].

The various tectonic stages which involved the basin were marked by major changes
in local and regional stratigraphy, in the sedimentary rates, in turbidite facies, and
arenite composition.

An additional factor that had a significant influence on foredeep sedimentation and its
duration over time was the emplacement, on the western border of the basin, of allochthon
terrains of Tuscan and Ligurian pertinence. The latter became, for a long period, the source
areas of transversal sedimentary inputs and of regional-scale olistostromic bodies that were
embedded at various levels within the Marnoso Arenacea Fm [17,19,24,25].

In such a general picture, an overall and updated synthesis of the depositional archi-
tecture and the structural setting of the pre-Apennine foreland basin is still lacking, and the
timing of deformation has been defined only in broad terms, except for restricted sectors.

The first objective of our work is therefore to revise the stratigraphy of the Miocene
successions at the scale of the entire basin, defining the vertical and lateral relationships
among the different units.

Once the stratigraphic framework has been reconstructed, we highlight those depo-
sitional events that were driven by tectonics and are useful to define a high-resolution
timing of the deformational events that affected the foredeep, from its onset to the complete
accretion into the chain.

In particular, an issue that was not previously explored in-depth, and deserves to
be addressed, is the influence exerted on sedimentation by the concurrent activity of
contractional structures and foreland ramp faults, both displacing, during the Middle-Late
Miocene, the Meso-Cenozoic carbonate substratum [7,21,22].

We have pursued the aforementioned goals by analyzing, reviewing, and correlating
a total of 24 stratigraphic sections representative of the entire foreland basin system of
the Umbria pre-Apennine, most of which unpublished. The sections, which have been
studied through quantitative nannofossil biostratigraphy, are located in the six following
key-areas; from west to east, these are (Figure 1): (1) Mt Rentella, (2) Perugia Mts ridge,
(3) Alpe della Luna, (4) M. S. Maria Tiberina, (5) Pietralunga-Mt Urbino ridge and (6)
Gubbio-Serra Maggio.

This paper aims to provide an overview of all turbidite successions referred, in the
literature, to the Umbrian domain, giving useful chronological constraints to future research
on the tectonics and geodynamics of the Tyrrhenian-Apennines system, focusing on the
Miocene deformational stages.

We are also confident that our work can be explanatory of a methodological approach,
based on the intimate integration of stratigraphy and tectonics, that we consider highly
effective in the study of foreland basin systems.

2. Materials and Methods

2.1. Physical Stratigraphy

We started from an accurate revision of a huge bulk of unpublished lithostratigraphic
data, acquired during original research surveys and the CARG project 289-Città di Castello
Sheet of the Carta Geologica d’Italia [20].

139



Geosciences 2021, 11, 97

These data, which had already been calibrated by nannofossils biostratigraphy [26],
were subsequently homogenized with the datasets reported in previous works dealing
with the tectono-stratigraphic setting of the Mt Rentella [15], M. S. Maria Tiberina [7,21,27],
and Mt Nero [18] units. Further stratigraphic sections have been recently studied in sectors
of the pre-Apennine where, in the course of this study, the need for further integrative
data emerged.

An accurate physical-stratigraphic analysis was carried out on all the sections, to
distinguish the stratigraphic units of various ranks within the Miocene successions, such
as formations, members, facies associations, and key beds.

Logging was carried out at a 1:50 scale factor, which allowed us to collect and describe
all the major sedimentary features characterizing the different types of strata and their
composition and provenance, and ultimately formulate hypotheses on the depositional
mechanisms and the types of causative gravity flows.

An expeditious compositional determination was also performed by comparing hand
specimens with the petrofacies described in several type-sections of the high Tiber Valley
by [28–31]. These determinations, integrated with facies analysis (based on the classification
scheme defined by [32]) and paleocurrent measurements, allowed us to distinguish the
arenites of alpine provenance, generally characterized by fine grain size, distal facies, and
low thickness, from the deposits originated by transversal supply [25], which were fed
from piggyback basins lying above the Apennines front.

2.2. Biostratigraphy

During stratigraphic logging, the sections were sampled for micropaleontological purposes.
The marly samples collected for the biostratigraphic analysis were prepared as smear

slides according to the procedures indicated by [33–35] and subsequently studied under a
polarizing optical microscope at 1000× with both parallel and crossed nicols.

The microscopic analyses of nannofossil assemblages were referred to the biozonations
schemes proposed by [35–37] for the Late Oligocene and Early-Middle Miocene of the
Mediterranean domain (Figure 2).

The adopted schemes still show a better resolution either with respect to the “standard”
ones [38,39] or to the recent upgrades of the tertiary nannofossil biostratigraphy [40,41],
which have been mainly defined based on ocean bio-events recognized on a global scale.
Other updated schemes of the Miocene Mediterranean nannofossils biostratigraphy are
available but, having reviewed only some certain time-intervals (the Burdigalian stage
in [42] and the Langhian stage in [43]), their use would lead to some problems of chronos-
tratigraphic correlations with the biozonation proposed by [35–37].

The latter works, including the entire Miocene, are therefore still to be preferred for
the study of stratigraphic successions that cover a large part of this epoch.

In each sample, the identification of marker species has been integrated by quantitative
analysis, carried out following the methodologies developed by several authors [35,44].

It consists of two kinds of counting: the first counts the species percentages within a
population of 300 specimens of the whole assemblage; the second is carried out only for
the most significant species whose percentage is determined in comparison with a fixed
number of coccoliths pertaining to the same genus (f.i. counting of S. heteromorphus within
100 sphenoliths).

The application of quantitative methodologies has also allowed the aforesaid authors
to establish new bio-horizons based on variations in the abundance of some marker species,
such as the First Common Occurrence (FCO), the Beginning of the Paracme (PB), and the
End of the Paracme (PE) of Sphenolithus heteromorphus.

Finally, in the case of the individuals belonging to the genus Reticulofenestra—which,
although having been studied in depth [34,45–49], still present classification problems—a
biometric approach has been applied. The latter led to referring to Reticulofenestra pseu-
doumbilicus individuals with size > 7 [35,37,44,50] and to distinguish them from those
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characterized by a smaller size (which have been, in turn, shared in two classes, respec-
tively characterized by size <6 μm and >6 μm).

Figure 2. Biostratigraphic scheme for the Upper Oligocene-Middle Miocene interval. The scheme
correlates the nannofossils biozonations proposed by [35,37], used in this work, with the Standard
ones by [38,39], recently updated by [41]. The scheme is also integrated (bold rectangle) with the
main bio-event characterizing the Mediterranean area.

The variation in abundance of the marker species, within each succession, was high-
lighted by plotting the relative distribution diagrams alongside the corresponding lithos-
tratigraphic Log.

2.3. Field Geology

A large part of the fieldwork was carried out in the past years using the traditional
geological mapping techniques. These former surveys, however, were recently revised
and integrated with digital surveys and new data collection, aided by an Apple iPad-Pro
in which a dedicated mapping software, whose details are given in the following section,
was installed.

141



Geosciences 2021, 11, 97

Due to the considerable extension of the study area, most of the structural survey
was performed in selected key outcrops to characterize the major tectonic contacts and the
spatial relationships between the Tectono-Stratigraphic units, synthesized in Figure 1.

Two commercial seismic lines provided by [51], hereinafter referred to as L1 and
L2 (traces in Figure 1), have been interpreted to assess the present thickness of Miocene
foredeep deposits and detect the geometry of the contractional deformations. The seismic
interpretation through Move software was performed on both the aforesaid lines.

3. An Overview on the Tectono-Stratigraphic Units of the Umbria Pre-Apennines

3.1. Mt Rentella Unit

The Mt Rentella unit (REN) [15] crops out in a narrow ~NS striking belt, tectonically
sandwiched between the Tuscan Falterona Nappe, to the west, and the Marnoso Arenacea
Fm of the Mt Nero Unit, to the east. Its peculiar stratigraphy justifies its classification as an
independent tectono-stratigraphic unit derived from a paleogeographic domain located in
an intermediate position between the two aforementioned units.

In the type locality (sections Im, Ms, Ml, and Cv, Figure 1), the REN includes, from
the bottom, the polychromic marls of Mt Rentella, the cherty marls of Mt Sperello, and the
Castelvieto turbiditic sandstones (also referred to as La Montagnaccia Fm by [13,52–55]).
The nannofossil assemblages [15] show that the polychromic marls are referable to the
MNP25b-MNN1d biozones (Late Oligocene-Aquitanian), the cherty-marly interval to
the MNN1d-MNN2a biozones (approximating the Aquitanian-Burdigalian boundary),
and the turbidite succession deposited during the MNN2a-MNN2b biozones (Early Burdi-
galian) [15,53,54]. A bio-chronostratigraphic correlation table, showing the overall stratigra-
phy, reconstructed “mending” the portions of the REN succession logged in four reference
sections (I Molini = Ml, Monte Sperello = Ms, Castelvieto = Cv, and Il Molino = Im, location
in Figure 1) is provided in Figure S1 (Supplementary Materials). Based on these results, the
Mt Rentella sequence cannot be biostratigraphically correlated either to the topmost part
of the Falterona Nappe, which is older [52–57], or to the outcropping turbiditic sequence of
the Umbria domain, which is younger [7,17,18].

As regards the compositional data concerning the fine-grained lithic fragments, the
arenites characterizing the turbidite succession of the REN differ sensibly from the Macigno
sandstones, whereas they are comparable with some Alpine-fed beds of the Marnoso
Arenacea Fm [31–51,58,59].

The reported litho- and bio-stratigraphic constraints suggest that the REN represents
a tectonic slice originated by the innermost marginal sector of the Umbria domain which,
during the Chattian and most of the Aquitanian, was located in the peripheral bulge of the
Tuscan foredeep, which will never be reached later on, by the deposition of the Macigno
turbidites. Such a hypothesis would account for the remarkable facies affinity between the
polychromic marls of Mt Rentella and the “Scisti Policromi” Auctt. occurring at the top of
the Tuscan Scaglia, the former being characterized by a larger content of calcium carbonate.

In the study area, the succession of the REN is rootless, being detached on the poly-
chromic marls and tectonically superimposed to the Marnoso Arenacea Fm of the Mt Nero
unit. For this reason, its stratigraphic passage to the original carbonate substrate was
nowhere observed.

According to [15], this substrate would correspond to the succession cropping out
in the Mt Peglia-Mt Piatto ridge (south-western Umbria), characterized by an “Umbria
type” facies but showing some affinities with the Tuscan terms, during the Oligocene-Early
Miocene [60].

3.2. Units Derived from the Marnoso Arenacea Foredeep

The Marnoso Arenacea foredeep basin [24,61,62] developed, since Early-Middle Bur-
digalian times, in front of a tectonic pile made of the REN unit and the overlying Falterona
Nappe. The turbidite deposition lasted, within this basin, until the Late Miocene, when it
was tectonized and completely incorporated within the Umbria pre-Apennines.
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After the seminal work of [10], several studies contributed to identify, within the
deformed Marnoso Arenacea of the Umbria area (MAR hereinafter), a number NW-SE
trending sectors characterized by significant stratigraphic differences and diachronic tec-
tonic evolutions [7,11–18,21,28,29,61–66].

These sectors, delimited by regional-scale thrust surfaces, can be considered as tectono-
stratigraphic units, namely thrust sheets whose internal stratigraphy is substantially homo-
geneous but showing significant differences compared to the adjacent ones (Figure 3). In the
present work, for reasons of conciseness, the term “Unit” is used with the meaning above.

Figure 3. Comprehensive stratigraphic scheme of the Umbria pre-Apennine Marnoso Arenacea succession cropping out
East of the Falterona Nappe and Mt Rentella frontal thrusts to the inner side of the carbonate chain. The columns represent,
to all effects, composite Logs obtained by correlating the studied sections, located in Figure 1.

Within each Unit, sedimentation was mainly controlled by the following tectonic pro-
cesses: (a) flexural retreat of the regional monocline, which caused the system depocenter-
ramp-peripheral bulge of the foredeep to shift eastward [9], (b) progressive emplacement,
along the western border of the foredeep, of allochthon units of Tuscan and Ligurian
pertinence [7,15], (c) activity of foreland ramp synsedimentary normal faults, and (d) nu-
cleation and progressive growth of compressional structures in the carbonatic substratum
of the basin.

Ultimately, the MAR Units derive from pre-contractional ~ chain-parallel isopic zones
which differed from each other in what concerns the age of onset of turbiditic sedimentation,
its duration over time, and, partly, the sedimentological and compositional characteristics
of the beds.

Based on the aforesaid criteria, in the Umbria pre-Apennines, the Mt Nero, Pietralunga,
Gubbio, and Mt Vicino Units have been recognized, from west to east (Figures 1, 3 and 4).
Their sedimentary and tectonic evolution is synthetically described below.
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Figure 4. Interpreted seismic reflection profiles crossing the deformed Marnoso Arenacea, cropping out between the Tiber
valley Quaternary graben and the Apennine calcareous chain; (a) = line L1, (b) = line L2 whose traces are shown in Figure 1.
Both the “clean” sections are taken from [51] and here re-interpreted in light of the different aims of our work.

3.2.1. Mt Nero-Unit

The Mt Nero Unit includes the more internal successions of the MAR, which originated
from the Burdigalian-Langhian depocenter of the Umbria foredeep.

From a tectonic point of view, it belongs to the so-called “internal Umbria Romagna
parautochthon” [16], which overrides, along a NW-SE trending thrust fault (Bocca Trabaria
thrust), the Pietralunga Unit (Figure 1). Clear exposures of the Mt Nero succession can be
observed in the Perugia Mts ridge and on the east sides of the northern Valtiberina, where
these successions are also referred to as “Alpe della Luna sequence” (Figure 1).

In previous studies, the lithostratigraphy of the Mt Nero succession had been pointed
out for both these areas [17,28,64,65,67], but an updated biostratigraphic calibration was
defined only during the recent survey of the 289-Città di Castello Sheet of the Carta
Geologica d’Italia [20].

In the Alpe della Luna (Figure 1), the stratigraphic sections are quite continuous
and, despite some minor gaps, allow for an investigation of the entire succession lying
over the Schlier Fm (Figure 3 and Figure S2). In this area, the MAR, from the bottom, is
composed by:

(1) a pelitic-arenitic member (mr hereinafter), named as MAR1 or Case Spertaglia mr,
extending from the MNN3a to the MNN4b nannofossil biozones; it includes (section
Spertaglia = Sp) a lower facies characterized by prevalent thin-bedded alpine-supplied
turbidites (fine-grained and mica-rich arenites with NW-SE provenances) and an
upper facies dominated by thick-bedded transversally-supplied calcarenites and
hybrid arenites, containing coarse-grained lithoclasts of Ligurian origin;

(2) an intermediate massive sandstone member, consisting of arkosic transversal-supplied
turbidites referred to as MAR2 or Mt Casale mr, developing across the MNN4b to
MNN5a biozones (section Monte Casale = Mc);

(3) an upper pelitic-arenaceous member referred to as MAR3 or Vesina mr, straddling
the MN5a-MN5b biozones, mainly consisting of alpine-supplied turbidites show-
ing sub-arkosic composition and laminated tractive intervals (Section Vesina = Ve);
in the uppermost part of this member, the Poggio La Rocca Mega-bed, a coarse-
grained calcarenite, which in the past was incorrectly correlated with the Contessa
key-bed [28], occurs.
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In the Perugia Mts ridge, where only the two lower mrs of the MAR crop out, the
exposures are discontinuous (Figure 1) and separated by a thrust fault which splits the Mt
Nero Unit in two distinct thrust sheets, the western or “Mt Acuto” and the eastern or “Mt
Corona” tectonic elements. Consequently, the stratigraphic continuity between the two
members cannot be directly observed.

The Mt Acuto element consists only of the pelitic-arenaceous lower facies of the MAR1
mr, referable to the MNN3a-MNN4a biozones (sections Balconcelli = Ba, Corciano = Co
and Monestevole = Mn, location in Figure 1, stratigraphy in Figure 3 and Figure S2) [18].

The Mt Corona element is instead characterized, at the surface, by the higher interval
of the MAR1 mr and part of the MAR2 mr (Section Fosso della Badia = Fb in Figure 1),
which, consistently with the section of Mt Casale, have been dated to the Middle-Late
Langhian, MNN4b-MNN5a zones [18].

Synthesizing, within the entire Mt Nero Unit, the beginning of the MAR sedimentation
(i.e., the onset of the foredeep stage s.s.) can be referred to the upper part of the Early
Burdigalian, being the lowest passage to the Schlier Fm identifiable in the MNN3a biozone.

Conversely, the top of the Fm is markedly diachronic because it corresponds, in the
western sector (Mt Acuto) to the intermediate portion of the MAR1 (MNN4a subzone, Late
Burdigalian) and in the eastern sector (Alpe della Luna) to the uppermost MAR3 (MNN5b,
Late Langhian; Figure S2).

The Mt Acuto succession does not include the higher part of the MAR1 because, in
the internal sector of the foredeep, the MAR sedimentation was interrupted, during the
MNN4a biozone, by the emplacement of the Falterona Nappe.

East of the leading edge of the Falterona Nappe, in the easternmost portion of the
Mt Nero Unit, the topmost MAR1 mr and the following MAR2 (Late Burdigalian-Early
Langhian) and MAR3 (Early-Late Langhian) members continued regularly to deposit, at
least up to the top of the MNN5a biozone.

3.2.2. The Monte Santa Maria Tiberina Succession

The M. S. Maria Tiberina area has long been considered a crucial area to investigate
the connection between the stratigraphic evolution of the Marnoso Arenacea Fm and
the progressive emplacement of the Falterona Nappe along the western boundary of
the foredeep.

Conflicting interpretations were formulated in the past on the outcropping Miocene
succession, which has recently been re-named as M. S. Maria Tiberina Fm (SMT) in the
239-Città di Castello Sheet of the Carta Geologica d‘Italia [30].

The stratigraphic reconstructions formulated by [7,21,30], based on robust biostrati-
graphic constraints, solved the debate between “autochthonist” [28,68] and “allochton-
ist” [10,11] interpretations, showing the SMT to have sedimented upon two different
substrates, that are the Falterona Nappe and its semi-allochthon cover, in the internal
sector, and the lower part of the Marnoso Arenacea Fm (MAR1 mr), in the external one
(Figure S3).

More precisely: (i) to the West, the SMT Fm deposited unconformably over the Vicchio
Marls of the Late Burdigalian age (MMN4a nannofossil subzone) and, after that, the
Falterona Nappe was thrusted upon the inner side of the Umbria foredeep; (ii) in the
intermediate zone (Gioiello syncline), the SMT covered the Nappe front and sealed it; and
(iii) in the external sector (Mt Cedrone-Uppiano, Section Mr, in Figure 1), the SMT Fm
deposited conformably on the Marnoso Arenacea MAR1 mr, whose topmost beds also
show a Late Burdigalian age (MNN4a subzone) (Figure S3).

The integrated stratigraphic analysis of the SMT Fm (Section Sl in Figure 1) provides
additional information about the timing of the former contractional phases affecting the
succession of the Umbria domain.

In fact, the distribution of benthic foraminiferal taxa in the intermediate-to-upper part
of this Fm clearly points to a shallowing upward trend of the paleodepth [27] during the
Early Serravallian (the boundary between the MNN5b-MNN6a biozones).

145



Geosciences 2021, 11, 97

This marked change, preluding the end of SMT sedimentation and also the emplace-
ment of a minor olistostromic body, topping the formation [30], can be related to the growth
of incipient anticlines involving the underlying carbonate multilayer of the Mt Nero Unit.

According to this interpretation, the contractional tectonics affected the western Um-
bria domain from the Middle-Late Serravallian, leading to the thrusting and folding of the
MAR and the re-folding of the overlying Falterona Nappe front.

3.2.3. Pietralunga Unit

The Pietralunga Unit consists of a succession of turbidites and hemipelagites of Middle
Langhian-Late Serravallian age [12,16] deformed by east-verging folds and minor thrusts
(Figures 1 and 3).

Its structural arrangement and the thickness of its succession can be well appreciated
in two SW-NE striking commercial seismic lines, published by [51], that cross nearly the
entire Umbria-pre-Apennines, from the internal contact with the Mt Nero Unit as far as the
Gubbio Normal Fault to the East (Figure 4, traces in Figure 1).

Although these profiles have been acquired for deeper targets, deformations affecting
the Pietralunga Marnoso Arenacea MAR with the adjacent Mt Nero (to the west) and
Gubbio (to the East) Units.

The proposed interpretations allow us to refer the Pietralunga Unit to an imbricate fan,
detached on the top of the Meso-Cenozoic carbonates, in which each splay thrust branches
upward, in-sequence, from the basal sole thrust.

Nevertheless, some faults seem to penetrate the carbonates, in correspondence with
the major structures of Perugia Mts and Gubbio, refolding the overhanging shallow thrust.

In the intermediate part of the L2 line, in a sector unaffected by significant thrust and
tectonic doubling, the top of the Meso-Cenozoic carbonates is located at a pseudo-depth of
~1 s TWT, which, assuming a v = 4.0 km/s seismic velocity [51], provides, for the Miocene
succession including the Bisciaro, Schlier, and MAR Fms, a maximum thickness of ~2000 m.

Within the Pietralunga Unit, the age of the basal passage of the turbidites to the Schlier
Fm is undetermined, as well as the latero-vertical stratigraphic relationships with the Mt
Nero succession, because the lower part of the Unit is buried, and the occurrence, below it,
of the MAR1-MAR3 members is uncertain.

The presence of Early Langhian terms, possibly with reduced thickness compared
to the western Umbria succession, is suggested by some limited outcrops of a pelitic-
arenaceous succession containing a 7 m-thick calcarenite, sampled in the Piazza area (5 km
SE of Pietralunga). This section (Pz in Figure 1) has been tentatively related, in age and
composition, with the topmost MAR3 of the Mt Nero Unit including the Poggio La Rocca
marker bed (Figures 1 and 3).

The Pietralunga succession shows an outcropping thickness > 1000 m and, based on the
facies analysis, can be divided into four members, hereinafter referred to as MAR4–MAR7.

The ~750 m-thick MAR 4 mr spans in age from the highest part of the MNN5b to
the topmost MNN6b nannofossil biozones (Late Langhian-Middle Serravallian) according
to [26] and our unpublished data (Figure S4), whereas all the remaining MAR5-7 mrs fall
within the MNN7 biozone of the Late Serravallian age.

The overall stratigraphic reconstruction of this member was carried out by correlating
eight sections (Vm, Sc, Po, Pz, Ss, Pi, Mo, and Mf, full names and location in Figure 1), that
have been logged and analyzed from the litho- and bio-stratigraphic points of view.

The MAR4 mr is mainly characterized by the typical association of marls, arenite layers,
and scattered media to thick-bedded calcarenites and hybrid arenites, with a predominant
A/P ratio varying from <1 to <<1.

Despite an apparent monotonous facies, this member embodies several outstand-
ing layers, including the well-known Contessa mega-bed, the “Colombine” calcarenites
(occurring above the Contessa bed [25,66]) and some very thick and laterally continuous
arenite and hybrid arenite beds, useful as key-layers for both geological mapping and basin
analysis purposes (Figures S4 and S5 and detailed stratigraphy in [26]).
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As aforesaid, the upper part of the Pietralunga succession is characterized by three
further members, all of them falling in the MNN7 biozone, Late Serravallian in age.

The MAR5 mr corresponds to a quite thin (nearly 150 m) pelitic-arenaceous inter-
val, characterized by thin-bedded fine-grained alpine-supplied arenites including some
slump episodes.

The passage to the MAR6 mr is marked by a sharp increase in bed thickness (thick
to very thick beds with an arenitic portion up to 8 m) and by the complete absence of
calcarenite layers.

Finally, the MAR7 mr consists mainly of a pelitic-arenaceous facies association, char-
acterized by a thinning-upward trend and a gradually decreasing A/P ratio, until the
complete disappearance of the arenite beds.

The upper part of the MAR4 mr contains at least two large episodes of submarine
sliding [12,24,25,66], the lower of which, referred to as “Lame-Castiglione olistostrome”,
occurs nearly 600 m above the Contessa bed [66], whereas the uppermost one, or “San
Faustino-Scritto olistostrome”, is located at least another 400 m above the former (Figure 3
and Figure S4).

The two olistostromes consist of wide lenses of chaotic materials within which dis-
rupted rock fragments of different origin and size (up to decametric strata-fragments)
are scattered in a polychromic sandy-clayey, and locally scaly, matrix. These lithotypes
are derived from the Tuscan succession (Scaglia Toscana, jaspers, Triassic gypsum, and
anhydrites) and from the Liguride units (Alberese and Palombini shales).

Generally, a thick interval, with a few meters, characterized by slumped intra-
formational materials, occurs at the base of both the olistostromes.

In the southern part of the study area the upper olistostrome consists of a quite
continuous and undamaged stack of strata (“Scritto Limestones”, according to [17,24])
which should be correlated with the sub-Ligurian Canetolo succession and the Ligurian
units [17]. This attribution implies that, during the Middle Serravallian, the Apennine
allochthon had reached the frontal part of the Falterona Nappe.

The detailed lithostratigraphy of the sections studied within the Pietralunga Unit
exceeds the objectives of this work.

Anyhow, a composite Log, synthesizing the reconstructed stratigraphy of the entire
Unit and showing the occurrence and position of the significant key layers, used for
horizontal correlations, is provided in Figure S4.

For a more detailed description of all the sections mapped in Figure 1, the reader is
sent back to the original work by [26].

3.2.4. Gubbio Unit

The Marnoso Arenacea of the Gubbio Unit overlies the Meso-Cenozoic multilayer of
the homonym anticline in eastern Umbria [12,42,69].

In the reference sections of the Contessa Road and Bevelle (Cs and Be, in Figure 1), the
Late Langhian—Serravallian succession, from the Contessa mega-bed (MNN5b biozone)
upward [26], is well correlated with the Pietralunga one, in what concerns the dominant
facies and the occurrence of the major key-beds (compare Figures S4 and S5).

Conversely, in the aforesaid sections, the age of the basal stratigraphic passage to the
Schlier Fm differs from that found in all the western outcrops, being localized in the Early
Langhian, highest MNN5a subzone.

The absence of the MAR1-MAR3 members (Figure 2) implies that, during the entire
Burdigalian-Early Langhian time span, the Marnoso Arenacea Fm did not deposit in this
outer sector of the foredeep.

Actually, in the “Contessa” section (Figure 1), the homonym key-layer is placed nearly
105 m above the base of the MAR (Figure 2 and Figure S5), whereas it was drilled in the
Mt Civitello well (location in Figure 1, Log available at: https://www.videpi.com/videpi/
pozzi/dettaglio.asp?cod=3896; accessed on 10 February 2021) at least ~700 m above.
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The significant reduction of thickness of the pre-Contessa turbidite succession passing
from the Pietralunga to the Gubbio Units occurs quite abruptly, straddling the Gubbio
normal fault, and can be explained by its synsedimentary activity during Burdigalian-
Langhian times.

The interpretation of seismic reflection data by [70] confirms this hypothesis, showing
that the Langhian terms of the Pietralunga Unit display an eastward-thickening wedge-
shape geometry that is compatible with a growth on the Gubbio fault.

The hypothesis of an early structuring of the Gubbio anticline suggested in [12] could
also explain the absence of the lower Langhian Marnoso Arenacea in this area. However,
even if it cannot be ruled out a priori, we note that it does not explain the eastward-
thickening of the succession highlighted by [70], west of the Gubbio fault.

A further significant feature, which differentiates the Gubbio succession from the
more internal ones, is the absence of olistostromic bodies at all stratigraphic levels.

The lateral continuity of the Serravallian terms from the Pietralunga to the Gubbio
units (including the related marker beds) leads us to exclude that the lack of olistostromes
was due, in that time, to a subdivision of the foredeep into several smaller basins. More
reasonably, it was caused by the emplacement mechanism of the olistostromes that, moving
by sliding processes on a tectonically unstable slope, could not reach the outermost areas
of the basin.

Finally, our biostratigraphic data do not confirm the occurrence of the Tortonian in the
highest part of the succession, as already suggested in [12,69].

3.3. Mt Vicino Unit

The Mt Vicino Unit, which is the easternmost unit of the Umbria pre-Apennine, is
located just at the back of the present carbonate chain. In this area the upper boundary
of the Schlier Fm was dated to the Early Serravallian and the MAR Fm to the Early
Serravallian-Early Tortonian (section Bf, Figure 1) [26,71].

During the uppermost part of Early Tortonian and the lower part of the Middle
Tortonian, the turbidite flows continued to affect only a residual furrow east of the Gubbio
structure, leading to the deposition of the Mt Vicino Fm [72,73].

The M. Vicino Fm consists of a 600 to 1400 m thick turbidite succession in which,
from the bottom, the following facies associations have been recognized: (i) thin-bedded
pelite alternating with subordinate thin to medium bedded arenites, (ii) middle to thick-
bedded arenaceous-pelitic turbidites, (iii) medium to thick-bedded arenites and bioclastic
hybrid arenites.

The Mt Vicino Fm reaches its maximum thickness, of a few hundred meters, in
the axial zone of the narrow depression which also corresponds to the core of the Serra
Maggio syncline, suggesting that the latter was already in an advanced stage of structuring
during sedimentation.

In other words, as proposed by [69], the Mt Vicino Fm deposited when the innermost
folds of the Apennines were already growing, marking the late evolution of the MAR
foredeep into the wedge-top basin stage.

Such a suggestion is confirmed by the occurrence, at intermediate stratigraphic levels
within the succession, of slumped layers and coarse-grained poorly cemented turbiditic
sandstones, showing Apennine provenance and both NW and SE paleocurrents [72,73].

4. Reconstructed Timing of Deformations

In the following, we reconstruct the timing of the main tectono-sedimentary stages
and events which can be inferred based on the sedimentary evolution of the Marnoso
Arenacea basin, described in the previous section.

Such stages, graphically schematized in the steps of Figures 5 and 6, document the set-
ting, evolution, and progressive tectonization of the Umbria foreland basin system during
the Miocene. Their temporal constraint is provided by the high-resolution biostratigraphic
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analysis performed on all the 24 studied sections, scattered throughout the entire northern
Umbria pre-Apennines.

Figure 5. Exemplified tectono-sedimentary evolution of the Umbria pre-Apennines foreland basin
system, during the Early and Middle Miocene; the stages, referred to the biozonation scheme
proposed by [35–37] synthesized in Figure 2, are: (A) Incipient foredeep, (B) early Etruscan; (C) late
Etruscan; (D) early Umbria-Romagna, and (E) late Umria Romagna stages (detail in the text; n.b.:
sections are schematic and not in scale).

4.1. Incipient Umbria Foredeep (Aquitanian-Burdigalian Boundary; MNN2a-MNN3a
Nannofossil Biozones)

The beginning of the regional subsidence related to the embryonic stage of the Um-
bria foredeep can be identified in the passage from hemipelagic (cherty marls of Mt
Sperello) to turbidite deposition (Castelvieto-Montagnaccia Sandstones), within the REN
Unit (Figures 5A and 6). At this stage the Apennine tectonic pile bounding the basin to the
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west included the Falterona Nappe, passively carrying the Liguride l.s. units and some
wedge-top basins in which piggyback deposition took place (Celle Sandstones and Vicchio
Marls, [7,74].

Figure 6. High-resolution timing of sedimentary and tectonic events (referred to the bio-
chronostratigraphic scheme of Figure 2) recognized in each of the Units of the Umbria-pre-Apennines
(detailed explanations in the text). The scheme is inspired by that proposed for the central Apennines
by [6].

During the uppermost MNN2b-MNN3a zones (Middle Burdigalian), the REN Unit
was affected by contractional deformations and progressively accreted into the orogen.

4.2. Early Etruscan Stage (Middle-Late Burdigalian; MNN3a-MNN4a Nannofossil Biozones)

The eastward migration of the orogenic wedge led to the setup of the Etruscan de-
pocenter of the foredeep, in which the Mt Nero succession settled down (Figure 5B).

Up to the earlier Langhian, turbidite sedimentation affected exclusively this western-
most sector of the Umbria domain.

This inference is suggested by the stratigraphy of the Civitello1 borehole (Figures 1 and 4a,
https://www.videpi.com/videpi/pozzi/dettaglio.asp?cod=3896; accessed on 10 February
2021), in which the base of the MAR of the Pietralunga Unit was attributed to an unspecified
“Langhian”; moreover, the lithological descriptions of these lowermost turbidites show no
facies affinity with the MAR1 and MAR2 members of Mt Nero Unit.

During the MNN3b-MNN4a (p.p.) interval, the Falterona Nappe underwent an out-
of-sequence reactivation (Figures 5B and 6) and, after overtaking the deformed REN unit,
arrived at the west side of the foredeep and covered its westernmost sector, interrupting
the sedimentation.
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At the beginning of Late Burdigalian (lower part of the MNN4a zone), its leading-
edge can reasonably be thought to have reached its present location. This latter asser-
tion is corroborated by the reciprocal consistency of the following points: (i) the top-
most beds of MAR1, sampled just below the Falterona thrust in the Perugia Mts ridge
(Monestevole = Mn section in Figure 1 and Figure S2, [18]), provided a MNN4a age, (ii) this
same age was determined in the lowermost strata of the M. S. Maria Tiberina Fm, which
has been proven to seal the front of the Tuscan allochthon in the Mt Cedrone area [21,27]
(Figure S3), and (iii) the lacking evidence, in the younger and more eastern MAR of the Mt
Nero Unit, of any signal of subsequent reactivation of the allochthon front.

4.3. Late Etruscan Stage (Late Burdigalian-Late Langhian; MNN4a-MNN5a/b Nannofossil Biozones)

This stage corresponds to the time which followed the emplacement of the Tuscan
allochthon and pre-dates the nucleation of the major contractional structures within the
western Umbria carbonates. During such an interval, most of the turbidite flows sedi-
mented in the outer sector of the basin, giving rise to the upper MAR1 and the following
MAR2 and MAR3 mrs.

Further west, in the wedge-top structural position, and also above the slope connecting
the chain front with the foredeep depocenter (Figure 5C) Apennine-supplied low- and
high-density turbidites, slumped bodies and pelite mud drapes continued to deposit (SMT3
and SMT4 mrs of the M.S. Maria Tiberina Fm).

No reliable data allows us to constrain the transversal extent of the foredeep in this
stage beeing the lateral continuity of the Langhian succession not strictly constrained.

Nevertheless, the aforementioned stratigraphy of the Mt Civitello1 well indicates that,
during the Langhian, the depocenter of the basin included the whole Mt Nero and part of
the Pietralunga Units.

We can exclude with certainty that, during this stage, the MAR deposited east of the
area where the Gubbio and Mt Subasio anticlines are presently located. This area was
placed, up to the Early Langhian, in the peripheral bulge of the MAR foredeep, and the
sedimentation of the Schlier Fm was still going on (Figures 5C and 6).

4.4. Early Umbria-Romagna Stage (Late Langhian-Early Serravallian; MNN5b-MNN6b
Nannofossil Biozones)

We refer to this stage as “Umbria-Romagna” because our stratigraphic data, compared
with the literature data collected over the past decades [3,9–13], undoubtedly demon-
strates that a single and undivided foredeep developed in front of the Early Miocene
northern paleo-Apennines.

The main argument supporting this inference is the lateral continuity of several key-
layers over the entire MAR of the Umbria and Romagna area. These layers include the
Contessa mega-bed, tens of “Colombina type” calcarenites, and some other noticeable
arenite beds (Figure 3, Figures S4 and S5) [3,9,25,66].

During this stage, which was characterized by quite stationary sedimentary conditions,
the depocenter of the foredeep was localized in correspondence to the present Pietralunga
Unit, whereas its eastern side extended to the Gubbio zone (Figures 5D and 6).

In other words, at least since the MNN5b zone, the MAR Fm was settling, with fairly
uniform thickness, into a single wide basin.

The peripheral bulge was shifted to the Mt Vicino and the inner chain areas, where up
to the MNN6a-(6b?) zone, the deposition of the Schlier ramp-muds persisted (Figures 3,
5D, 6 and S6).

Orogenic contraction began to affect the older and more internal succession deposited
during the Etruscan stage.

The onset of thrusting and, in particular, the growth of the Mt Cedrone anticline
(see geological section of Figure S3) has been referred by [21] to the Early Serravallian
(MNN6a subzone).
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Actually, the sudden fining-upward evolution of the M. S. Maria Tiberina Fm and the
concurrent shallowing of the seafloor [27] may be interpreted as the first sign of ongoing
compression at shallow crustal levels.

Uplift processes appear to have involved the entire western sector of the basin since
the very Early Serravallian, as no turbidites younger than Late Langhian (MNN5b zone)
have ever been detected at the top of the Mt Nero Unit.

As better explained in the following Section 5, we hypothesize that this regional-scale
uplift is the shallow effect of the activation of the regional thrust fault displacing the
Permo-Triassic basement in the subsurface of the Perugia Mts ridge [75–77].

4.5. Late Umbria-Romagna Stage (Middle-Late Serravallian; MNN6b-MNN7)

We place the beginning of this stage, in correspondence with the earliest involvement
of the Serravallian MAR, in the orogenic deformations.

In particular, we interpret the emplacement of the Lame-Castiglione olistostrome
(topmost MNN6b biozone) as evidence that the front of the chain, which had now extended
to the completely detached Mt Nero Unit, was thrusted over the inner Pietralunga succes-
sion (Figure 5E). The inner part of this latter Unit was subsequently detached from the
underlying Meso-Cenozoic carbonates and, at least since the earlier MNN7 biozone, was
progressively shortened “in-sequence”. Due to such progressive deformation, during the
upper MNN7 biozone the width of the foredeep underwent a severe reduction and, as
a consequence, the higher stratigraphic members of the succession (MAR6–MAR 7 mrs)
deposited only in the central-east part of the basin (Figure 5E).

The end of this stage can be located straddling the Serravallian-Tortonian boundary
(top of MNN7 biozone), as we have not found Upper Miocene deposits in the Pietralunga
and Gubbio successions (Figure 6 and Figure S6).

4.6. Wedge-Top and Accretion Stage (Early-Middle Tortonian; MNN8-MNN9)

At the beginning of the Late Miocene, the Langhian-Serravallian successions of both
the Pietralunga and Gubbio Units were diffusely affected by contractional tectonics, giving
rise to structures of variable scale: (i) regional macro-folds affecting the underlying Meso-
Cenozoic carbonates (Figure 4), (ii) low-wavelength folds (some hundred meters to 1–2 km
wide), detached at the Schlier Fm (Figure 4), and (iii) mesoscopic folds nucleated above
local intra-formational decollements.

In the easternmost sector of the pre-Apennine, the growth of the Gubbio and Mt
Subasio anticlines further reduced the active part of the foredeep, which, during the earlier
Tortonian, was restricted to the Mt Vicino-Serra Maggio trough (Figure 1). This area was
the only one located west of the chain, which hosted the MAR sedimentation during
the Tortonian.

Above the MAR, the Mt Vicino sandstone (upper part of the Early Tortonian)
deposited unconformably.

Reasonably, at the end of Early Tortonian, the further eastward progression of the
contractional front caused the Mt Vicino sheet to override the innermost Umbria-Marche
anticlines (Scheggia-Mt Maggio anticlines), which, according to [78] were in their initial
stages of growth.

5. Discussion and Final Remarks

The systematic litho- and bio-stratigraphic study of the Umbria turbidite successions
allowed for the recognition of the main evolutionary stages of the Umbria pre-Apennines’
foredeep and the definition of the tectonic events that have involved the Miocene foreland
basin system in this sector of the orogen.

Based on such high-resolution tectono-stratigraphic history, schematized in the steps
of Figure 5, we have elaborated a kinematic model which describes the distribution of the
structural paleo-domain over time (Figure 7).
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Figure 7. Distribution of the pre-Apennines structural paleo-domain, as inferred by the high-resolution tectono-stratigraphic
timing summarized in Figure 6, during the: (a) Late Aquitanian-Early Burdigalian, (b) Middle-Late Burdigalian, (c) Early-
Middle Langhian, (d) Early Serravallian, (e) Late Serravallian; (f) Early Tortonian. Note that the migrating paleo-domains
are shown by the brown, orange, and blue colors and that the thrust faults refer to the present configuration, taken from
Figure 1.

A first fundamental achievement of our reconstruction was the precise definition of
the age of emplacement of the thrust-stack bounding west of the foredeep, which, at the
end of the Aquitanian, included the Tuscan Falterona Nappe and the overlying allochthon
units of Ligurian (l.s.) pertinence.

The over-thrusting of such tectonic pile above the Umbria domain is bracketed be-
tween the very Early Burdigalian and the Late Burdigalian and was articulated in two
distinct steps: (a) “in-sequence” thrusting above the REN, during the MNN2b-MNN3a
zones [15], and (b) “out-of-sequence” thrusting above the MAR, after overtaking the
REN, which was, in turn, tectonically superimposed on the MAR of the Mt Nero Unit
(Figure 6—Eastern Tuscany column- and Figure 7).

The out-of-sequence phase of the Falterona Nappe had not been previously recognized
in Umbria and deserves to be verified in other sectors of the chain, e.g., in the Tuscan-
Emilian Apennines, to understand if it must be considered a significant event on the
geodynamic scale.

The eastward advancement of the Nappe, in Middle-Late Burdigalian times, pro-
gressively narrowed the Umbria foredeep of the early Etruscan stage and interrupted the
sedimentation in its western sector [7,18]. The reduction of the basin-width, resulting in
a lower availability of the accommodation space for the incoming gravity flows, might
explain the increase in the average thickness of turbidite beds, observed at the passage
from the lower member (MAR1-MNN3a-MNN4a biozones) to the intermediate one (MAR2
mr-MNN4b-MNN5a biozones) of the Mt Nero Unit (Figure S2). Such an increase is consis-
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tent with a sharp change in the foredeep physiography that, during the late Etruscan stage,
evolved from an open submarine plain to a strongly subsiding and transversely confined
basin. In this regard, we must also consider that, during the aforementioned stages, the
foredeep basin did not reach its maximum W-E extent, being delimited eastward by a set
of west-dipping sinsedimentary normal faults that offset the foreland ramp.

Although the influence of foreland extensional faults on the MAR sedimentation is
poorly investigated, the Gubbio normal fault seems to have played a significant role [70],
producing a sharp uplift of the peripheral bulge that was located, in Early-Middle Langhian
times, in its footwall block (Figure 7c).

After the emplacement of the allochthon units, the Umbria domain appears to have
experienced an interval with absent or scarce deformation, at least from the Middle Burdi-
galian to the Early Serravallian (MNN4b-MNN6a biozones)—that is, for most of the Early
Umbria-Romagna stage (Figure 7b,c). Such a ~3.5 ma-long standstill can be bracketed
between the time at which the front of the Falterona Nappe was sealed by the sedimenta-
tion of the M. S. Maria Tiberina Fm (lower MNN4a zone) and the first clear evidence of
compression and uplift affecting the western Umbria carbonate multilayer (uppermost
MNN6a zone).

We point out that the corresponding time interval, spanning from ~17 to ~13.5 Ma,
matches the transition between the collisional and post-collisional stages of the Apennine
orogenesis [79–83]. The latter, which is still in progress, is associated with the Tyrrhenian
rifting and is characterized by the eastward migration of two coupled-sub-parallel and
synchronous tectonic belts causing contraction at the front and extension at the rear of
the chain.

The evidence of a break in the shift of compressive deformation toward the foreland
indicates that the passage between these two stages did not occur with continuity, at least
in the more peripheral zone of the orogen.

In such a zone, the change in the geodynamic regime seems not to have produced
significant tectonic manifestations during the time required for the new stress-field to
propagate outside the collisional suture.

We are aware that such a hypothesis is preliminary and highly speculative. Anyhow,
we want to stress that having highlighted such a protracted stasis in the orogenic deforma-
tions is an unexpected result, worthy of being further investigated, to verify its consistency
also in other areas of the Middle Miocene Apennine front.

We refer the compression of the western Umbria domain (Figure 7d) to the Early
Serravallian (MNN6a-MNN6b biozones), as suggested by the shallowing-upward trend of
the topmost M. S. Maria Tiberina Fm and by the subsequent interruption of its sedimenta-
tion [21,27].

During this time interval, a major thrust fault nucleated within the Permian-Triassic
basement [51,75–77]. It displaced the Meso-Cenozoic Multilayer of the Perugia Mts ridge
and, branching at shallower structural levels, gave rise to an imbricate fan and associated
folds affecting the MAR.

We identify the main surface expression of this regional thrust in the frontal thrust of
the Mt Nero Unit, which is well-exposed in the Alpe della Luna (Afra Valley) and has been
recognized to discontinuously crop out also even further south, in the hydrographic left of
the Tiber (Figures 1 and 4).

Considering the amount of the associated displacement and the considerable con-
tinuity of this structure, all along the entire central Umbria (Figure 1), we hypothesize
its possible correlation with the “Mandriacce Line”, described in the Marnoso Arenacea
Romagnola [84], which causes the systematic superposition of Langhian terms above
Serravallian ones.

According to our reconstruction, thrusting in western Umbria went on until the Late
Serravallian, as shown by the timing of emplacement of the upper olistostromic slices
(earlier MNN7a zones) within the MAR of the Pietralunga Unit (Figures 5D,E and 7e).
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The few public subsurface data, available in the area comprised between the Tiber
Valley and the Umbria-Marche chain, highlights that the contractional deformations affect-
ing the Pietralunga MAR are arranged in a shallow imbricate whose basal decollement is
localized at the top of the Meso-Cenozoic Carbonate multilayer (Figure 4a,b).

The geometry of such a thrust system, joined to the observation that the uppermost
members of the succession (MAR5-7) occur only in the easternmost sector of the Pietralunga
Unit, supports the inference of an “in-sequence” thrusting, within this unit, during the very
Late Serravallian-Early Tortonian (uppermost MNN7b-MNN8 biozones, Figures 5 and 6).

However, it should be noted that such argument is not conclusive, as it cannot be
excluded that the complete absence of such members, in the innermost areas, might also be
due to widespread erosion, rather than their non-deposition.

Just after the beginning of the Early Tortonian, the Umbria foredeep was entirely un-
dergoing compression, whereas the origin of the Serra Maggio syncline can be confidently
placed in the Late Tortonian, taking into account the piggyback sedimentation of the Mt
Vicino sandstones.

Subsequently, the so-called “intra-Messinian” phase [22,72] split the previously unitary
foredeep in several minor basins interposed to the rising Umbria–Marche anticlines. Inside
them, a terrigenous-evaporitic sedimentation occurred up to the earlier Pliocene.

At the end of this latter period, after the uplift and accretion into the chain of such
residual elongated furrows, the tectono-sedimentary history of the Umbria foreland basin
system was over.
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Abstract: The natural emission of methane-rich fluids from the seafloor, known as cold seepage, is
a widespread process at modern continental margins. The studies on present-day cold seepages
provide high-resolution datasets regarding the fluid plumbing system, biogeochemical processes in
the sediment, seafloor seepage distribution and ecosystems. However, the long-term (hundreds of
thousands to millions of years) evolution of cold seepage remains elusive. The identification and study
of outcrop analogous now exposed on land represent a valuable method for better understanding the
effects of geological processes and climate forcing on the development of cold seepage systems. Here,
we provide an overview on Miocene seep-carbonate deposits of the northern Apennines (from Emilia
to the Umbria-Marchean sector, Italy), based on decades of field research integrated with detailed
sedimentological and geochemical investigations. We report a total of 13 seep-carbonate outcrops,
which formed in three different structural settings of the paleo-accretionary wedge corresponding
to wedge-top basins, outer slope and intrabasinal highs at the deformational front. We discuss
the recurring lithostratigraphic occurrence of seep deposits and the main compositional features
(carbonate facies, carbon and oxygen stable isotopes) in order to interpret the seepage dynamics,
duration and infer the contribution of methane-rich fluids released by paleo-gas hydrates. The
datasets presented in this study represent a valuable complete record of cold seepage spanning
~12 Myr, that can be used to better understand factors controlling the regional-scale spatial and
temporal evolution of cold seepage systems at modern active continental margins.
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1. Introduction

The seepage of methane-rich fluids at the seafloor, also known as cold seeps, has been
frequently observed in accretionary wedges, where active tectonics generate pore-fluid
overpressures and induce fluid migration through the sediments [1–5]. Cold seepage along
the slope of continental margins is often associated with a large variety of sedimentary
processes (e.g., landslides, mud volcanism, diapirism) and fluid escape structures (e.g.,
pockmarks, carbonate mounds) [6–10].

Due to the fluxes of reduced carbon and sulfur compounds reaching the seafloor, these
environments are inhabited by peculiar microbial consortia and chemosymbiotic macro-
faunal assemblages [11–16] and marked by specific geochemical imprinting [17,18]. Fossil
analogous to modern systems have been recognized in exposed sedimentary successions
on all continents (except Antarctica) and have allowed the investigation of the long-term
evolution of hydrocarbon seepage in relation to tectonic processes and climate change [12].
Spectacular seep-carbonate examples have been reported from Miocene outer shelf and up-
per slope deposits at Hikurangi Margin, New Zealand [10,19,20] and in Cretaceous deposits
linked to cold seepage in forebulge setting (Tepee Buttes carbonate mounds) cropping
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out in Colorado, USA [21]. It is worth mentioning the well-exposed and widely-studied
Mesozoic seep deposits in the shelf and fore-arc successions of Japan

Ref [22], and seep carbonates in Oligocene flysch related to foreland basins of the
Outer Carpathians, Poland [23]. The global sedimentary record of cold seepage provided
statistical evidence for the fact that sea-level forcing and rates of organic carbon burial in
ocean basins have been the main factors controlling overall seepage activity since the early
Cretaceous [24], resulting in cycles with periodicity in the order of tens of Myr.

Fossil seeps have been widely reported from the Italian Apennine chain, in the form of
seep-carbonate outcrops, and mostly hosted in Miocene successions [25]. These deposits are
historically known under the informal lithostratigraphic name of Calcari a Lucina, as they
include densely-packed large lucinid bivalves [26]. These authigenic carbonates are char-
acterized by very negative δ13C values (<−30‰ VPDB), peculiar chemosynthetic fauna
(vesicomyid and lucinid clams, bathymodiolid mussels) and distinctive carbonate facies
related to fluid expulsion processes [27,28], and testify a long history of cold seepage during
the Neogene building phase of the Apennine chain. Seep-carbonate precipitation and fluid
expulsion processes occurred in different tectonic settings of the Apennine foreland, from
wedge-top basins through the outer slope of the accretionary prism, and at the leading
edge of the deformational front in the inner foredeep, in correspondence of fault-related
anticlines. Outcrop distribution highlights a causal relationship between tectonics and seep-
age occurrence. Recent studies also showed that some seep deposits could have originated
during sea-level low-stands [29–31] and from gas hydrate destabilization events [32,33].

In this paper we provide an overview of the main geochemical, sedimentological and
stratigraphical features of the northern Apennine seep-carbonates located in the Emilia to
Umbria-Marchean area (Figure 1), included in Burdigalian to Messinian successions. The
extraordinary dataset reported here, covers ~10,000 km2 area and the examined carbonate
outcrops are representative of different structural settings along the paleo-Apennine wedge,
thus serving as a record of the regional-scale spatial and temporal evolution of cold seepage
systems which can be used to better understand analogous systems in other modern
convergent geo-settings.

160



Geosciences 2021, 11, 53

Figure 1. Simplified geological map of the studied area in the northern Apennines. Numbers refer to
the examined and correlatable outcrops. 1. Montebaranzone; 2. Cappella Moma; 3. Traversetolo;
4. Lavino Valley; 5. Moggiona; 6. Fosso Riconi; 7. Deruta; 8. Poggio Campane; 9. S. Sofia-S. Vernicio;
10. S. Sofia-Case Buscarelle; 11. Salsomaggiore-Case Gallo; 12. Salsomaggiore-Case Cagnotti-Zappini;
13. Montepetra; 14. L Lame-Pietralunga; 15. Caresto; 16. Brisighella; 17. Brasimone–Suviana; 18.
Poggio Michelino; 19. Telecchio; 20. Castagno d’Andrea-Corella; 21. Acquadalto (Podere Filetta-
Monte Citerna); 22. Bibbiana-Le Fogare; 23. Colline-Mondera; 24. Prati Piani; 25. Case Bandirola.

2. Geological Setting

The northern Apennine chain results from the convergence and collision between
the European and African plates, with the interposition of the Adria and Corsica-Sardinia
microplates. During the early stages of the collision (late Oligocene), the internal oceanic
units (Ligurides) were placed over the adjacent thinned margin of the continental Adria
microplate, represented by Subligurian units [34]. From Miocene to Recent, the thrust
system migrated towards the foreland, involving the continental Tuscan and Umbria-
Marchean units deposited on the Adria microplate. This collisional stage involved the
subduction of the Adria under the Corsica-Sardinia lithosphere coupled with the flexuring
of the foreland and the formation of foredeep basins, progressively migrating towards the
northeast [35,36].

The progressive migration of the foredeep produced a segmentation of its inner
part [37] by the growing of anticlines on top of synsedimentary blind thrust faults, cre-
ating intrabasinal highs. Sedimentation on top of thrust-related anticlines consisted of
hemipelagites and diluted turbidites (drape mudstones) forming up to a hundred meter
thick fine-grained intervals. The structural evolution of these thrust-related anticlines cre-
ated favorable conditions for gas accumulation and gas hydrate formation at the ridge crest,
promoting the development of cold seepage systems and inducing sediment remobilization
along the ridge flanks [28]. The progressive closure of the foredeep, with its involvement
in the accretionary wedge (closure phase), is marked by the deposition of slope marls
characterized by sediment instability due to the strong tectonic activity of the substrate [38].
Slope sedimentation is stopped by the overriding of the Ligurian units. During the over-
riding of the Ligurian units, from the Burdigalian to the early Tortonian, sedimentation
also occurred in wedge-top basins (Epiligurian succession) at the top of the accretionary
prism [39], and marked by intense seepage processes. Authigenic seep-carbonates in Upper
Miocene sediments of the Tertiary Piedmont Basin are reported in [40,41].
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The age of the Apennine successions becomes younger moving toward northeast,
following the direction of wedge advancement and foredeep migration. In the Burdigalian,
the closure of the Tuscan foredeep (filled by turbidites of the Falterona-Cervarola Fm) is
followed by the deposition of fine-grained hemipelagites of the Vicchio Fm. During the
Langhian, the newly formed foredeep is filled by the thick turbidite succession of the
Marnoso-arenacea Fm (Umbro-Marchean units) partially sealed by the Verghereto Marls
(late Serravallian-early Tortonian) and by the Ghioli di letto mudstones (late Tortonian-
Messinian).

3. Structural Distribution of Apennine Seep-Carbonates

Miocene seep-carbonates occur in specific positions of the Apennine wedge-foredeep
system, reported below from the inner to the outer sectors (Figure 2; Table 1):

(1) wedge-top basins: seep-carbonates mainly occurring in the Epiligurian units (Termina
Fm), associated with diapiric processes;

(2) slope of the accretionary wedge, during two different tectonic phases of the fore-
deep closure: early phase. Seep-carbonates are hosted in fine-grained sediments
draping buried ridges constituted by the older accreted turbiditic units [28]: final
phase. Seep-carbonates are hosted in slope hemipelagites preceding the overriding of
Ligurian units.

(3) inner foredeep, at the leading edge of the deformational front, in thrust-related
anticlines (intrabasinal highs) standing above the seafloor. Seep-carbonates are hosted
in fine-grained intervals deposited above these structures.

Figure 2. (a) Block diagram showing the northern Apennine wedge-foredeep system during the
Miocene. Seep carbonates occurred in wedge-top basins, on the slope and in the inner foredeep
basin. (b) Simplified paleogeographic sketch of the Apennine domains during the middle Miocene
(modified from [26]).
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Table 1. Structural distribution and paleogeographic domain of the examined outcrops (described in
the text).

GEO-SETTING APENNINIC DOMAIN OUTCROPS

WEDGE-TOP Montebaranzone

Tuscan early phase Moggiona
final phase Fosso Riconi

SLOPE Umbria-Marchean early phase Deruta, Poggio Campane
inner basin final phase Santa Sofia

Umbria Marchean early phase Montepetra
outer basin final phase Brisighella,

Minor basins

Tuscan Brasimone-Suviana
INNER FOREDEEP Umbria Marchean Castagno, Corella, Acquadalto

It is worth noting that the temporal/structural relationship between the slope and
the foredeep is complicated by the migration of the accretionary wedge. This leads to the
progressive incorporation of the foredeep units in the slope, and the creation of a new
foredeep in a more external position.

In this work we report the location (Figure 1), morphology (Figure 3), facies
(Figures 4 and 5), geochemistry (δ13C, δ18O; Figure 6) and stratigraphic distribution (Figure 7)
of 13 seep-carbonate outcrops representative of the different geological settings (Table 1).

 

Figure 3. Seep-carbonate outcrops from the three examined geological settings. (a) Seep-carbonates
hosted in the wedge-top basin (Termina Fm) in the Montebaranzone area (outcrop 1 in Figure 1),
dotted line marks the geometry of the seep-carbonate bodies. (b) Castagno d’Andrea seep-carbonates
enclosed in pelitic interval of the inner foredeep (Marnoso-arenacea Fm), (outcrop 20 in Figure 1).
(c) Montepetra seep-carbonates hosted in slope fine-grained sediments (Ghioli di letto Fm), (outcrop
13 in Figure 1).
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3.1. Wedge-Top Epiligurian Basins
Montebaranzone

Location. Emilia Apennines. Hundreds of seep-carbonate bodies crop out extensively
between Parma and Bologna Apennines (Figure 1), enclosed within marly sediments of the
Termina Fm (late Serravallian−early Messinian), made up of slope deposits up to 500 m
thick. In the upper portion, the Termina Fm is represented by the Montardone mélange,
a chaotic body made up of polygenic and heterometric blocks dispersed in a fine-grained
matrix. Seep-carbonate deposits reach the maximum concentration in the Montebaranzone
syncline (Modena area), associated with the Montardone mélange (for geological details
see [42]).

Carbonate size and distribution. Seep-carbonates consist of stratiform bodies and large
pinnacles with lateral extent from a few meters to 100 m and a maximum thickness of
25–30 m, mainly concentrated within a 50 m thick stratigraphic interval of slope marl-
stones. The lithologies are micritic limestones and calcareous marls, with wide portions of
carbonate breccias. The contacts with the host sediment vary from sharp to transitional.
Conversely, seep-carbonates occurring on the western side of the mélange consist of small
and laterally isolated marly and marly-calcareous bodies, which exhibit a lenticular, domed,
columnar to irregular shape. Their dimensions vary from a few tens of centimeters to
4–5 m; the lateral contact to enclosing sediment is gradual.

Seep-related facies. Polygenic breccias occur at the base of seep-carbonate bodies close to
the contact with the Montardone mélange and form units of variable thickness from some
centimeters to a few meters, often interdigitated with fine-grained carbonate cemented
sediments. Polygenic breccias contain clasts of different dimensions and provenance, car-
bonate, arenitic and pelitic, chaotically floating in the micritic matrix. Extraformational
clasts largely derive from the basal complex of the Ligurian units. Clasts are heterometric
(from some millimeters to ~50 cm), generally angular (Figure 5a). Intraformational clasts
are sourced from previously precipitated seep-carbonates and from the Termina marls.
Disarticulated and isolated lucinid shells have been observed, as well as fragments of shells
forming packstones or grainstones. Pseudo-fluidal textures and soft sediment deformations
are observed. Dense localized semi-infaunal chemosynthetic fauna often in living position
(mainly lucinid and vesicomyid bivalves) are present in the middle upper portions of the
outcrops (Figure 4a). In thin section, authigenic minerals consist of micro- to cryptocrys-
talline micrite and sparry calcite with minor dolomite. Micrite is the dominant authigenic
phase and includes abundant shell fragments, associated with planktonic foraminifera and
terrigenous particles in variable amounts.

Carbon and oxygen isotopic composition. Carbon isotopic composition differs for various
carbonate bodies and inside a single mass (δ13C from −39.1 to −18.2‰ VPDB), with the
most negative δ13C values obtained in sparry calcite cement in the brecciated portions.
Samples are significantly enriched in δ18O (δ18O between +0.3 and +5.5‰ VPDB); the δ18O
composition reaches the maximum values in the brecciated portions, close to the contact
with the Montardone mélange.

Biostratigraphy of host sediments. The interval hosting seep-carbonates has been ascribed
to the Serravallian to early Tortonian based on planktonic foraminiferal assemblages (MMi7-
MMi9 Biozone). The oldest ages (Serravallian) are recorded in eastern bodies closest to the
vertical contact with the mélange.

Correlatable outcrops. Cappella Moma (δ13C from −19.0 to −16.0‰ VPDB; δ18O from
+2.1 to +2.9‰) Traversetolo, Lavino Valley (Figure 1).

3.2. Outer Slope of the Accretionary Prism

In slope mudstones of the Tuscan and Umbria-Marchean domains (Tuscan-Romagna-
Marchean-Umbria Apennines), two different phases of seepage are recognized: the first
during the initial part of the foredeep closure stage; the second marks the final part of the
closure stage when slope mudstones were topped by Ligurian overthrust (Table 1).
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Figure 4. Representative seep-carbonate facies. (a) Densely packed articulated bivalves from the
Sasso delle Streghe carbonate pinnacle (Montebaranzone area, outcrop 1 in Figure 1). (b) Large
conduit and a complex network of vuggy fabric and doughnut structures from Poggio Campane
outcrop (8 in Figure 1). Bar length = 2 cm.

3.2.1. Tuscan Domain
Moggiona

Location. Seep-carbonates are present in the basal member of Vicchio Fm made up of
marls and silty marls with centimeter thick layers of fine-grained arenites (early phase of
Table 1). Seep-carbonates are located in the footwall syncline at the base of the thrust within
a stratigraphic interval 20–30 m thick, with a lateral extent of ~200 m. Carbonate bodies
have a vertical attitude and are concordant to host sediments (geological detail in [25,28]).

Carbonate size and distribution. Seep-carbonate bodies are 5–100 m wide and up to 8 m
thick; two smaller meter-sized blocks are also present. Morphologies are mostly stratiform
with an irregular profile and strong lateral thickness variations. The contacts between
carbonates and host sediments vary from sharp to gradual. Pinch-out lateral terminations,
bifurcations, multiple interdigitation of carbonates with enclosing marls, lateral repetitions
of rounded concretions and nodules are observed.

Seep-related facies. The basal portion of large carbonate bodies is characterized by a
dense arrays of conduits, vertical to subhorizontal, with crosscutting relationships. Con-
duits are generally a few centimeters in diameter, with circular sections, and a few tens
of centimeters long; conduit infilling consists of silty particles typically associated with
shell debris. The top of the carbonate bodies is commonly characterized by assemblages
of chemosynthetic fauna, either articulated and in life position or dismembered shells
oriented parallel to bedding.

Carbon and oxygen isotopic composition. δ13C ranges from −40.2 to −13.6‰; δ18O
from−9.9 to + 0.7‰.
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Biostratigraphy of host sediments. Based on nannofossil assemblages of the enclosing
marls, the age of the seep carbonates is ascribed to the Burdigalian MNN3b biozone.

Correlatable outcrops. Poggio Corniolo.

Fosso Riconi

Location. The outcrop (final phase of the closure) is situated in the Tuscan Units
(Vicchio Fm) cropping out in the Mugello area. The outcrop includes one of the most
extensive exposures of a fossil seep system in the Apennines. About 80 lenses of authigenic
carbonates are hosted in the topmost 30 m of marls with a lateral extent of about 500 m; the
attitude is conformable to bedding of the enclosing marls (geological detail in [32,43]).

Carbonate size and distribution. Seep-carbonates have various geometries from elon-
gated bed-like to lenticular bodies and pinnacles. The thickness of each body ranges
from 1.5 m to 6 m and the lateral extent is from 1.5 to 10 m. The transition to host sedi-
ments vary from sharp to gradual. Nodular structures (2–3 cm in diameter), cylindrical
to encircling concretions (4–5 cm in diameter) are present in the marginal portion of the
seep-carbonates and arranged along stratification. Fossils are irregularly concentrated and
consist of densely packed articulated and disarticulated bivalves up to 25 cm long. The
most common lithotype is marly limestone.

Seep-related facies. Common facies are mottled carbonates, with irregular patches of
micrite, pervaded of sinuous pipes, conduits and tubules, (Figure 4b), varying in diameter
from 2–3 mm to 1–2 cm. Conduit sections are circular to elliptical, with the central hole
filled by authigenic micrite, sparry calcite, coarser sandy sediment and shell fragments.
In thin section, calcite is the dominant authigenic phase, associated with minor ankerite
and dolomite. A very subordinate detrital fraction is made of illite-muscovite, chlorite,
quartz and albite.

Carbon and oxygen isotopic composition. δ13C values range from −39 to −4.7‰ VPDB
and δ18O values from −2 to +4‰ VPDB.

Biostratigraphy of host sediments. Based on planktonic foraminifera and nannofos-
sil, the seep-carbonate precipitation approximates the Langhian/Serravallian boundary
(MNN6a Biozone).

3.2.2. Umbria-Marchean Domain (Serravallian to Early Tortonian)

Seep outcrops are included in the Verghereto Marls and other coeval slope deposits.
As previously described for the Tuscan slope, two different seepage phases mark respec-
tively the early phase of the closure stage, and the final part of the closure stage when slope
mudstones were topped by Ligurian overthrust.

Deruta

Location. Seep-carbonates in Deruta (early phase of the closure) are included in
the Marnoso-arenacea Fm at different stratigraphic levels associated with coarse-grained
pebbly sandstones and conglomerates (delta-slope and large-scale mass-wasting deposits)
in the wedge-top area, prograding into the inner Marnoso-arenacea foredeep. The release
of abundant methane-rich fluids through thrust faults pervaded coarse-grained sediments,
causing the precipitation of authigenic seep-carbonates both along the delta-slope and the
adjacent foredeep (geological details in [44]).

Carbonate size and distribution. Authigenic seep-carbonates occur as large (50 m wide,
10 m thick) fossiliferous lenses, as concretions and cements in previously reworked coarse-
grained deposits, and as reworked blocks (cobble and boulder) in slide/slump horizons.

Seep-related facies. Common facies in large lenses are mottled micrite and biomicrite with
densely packed seep-bivalves (lucinids, vesicomyids) mainly articulated. Disarticulated
shells are scattered in brecciated portions. Vuggy structures are present, with void infilling
made up of carbonate cements and/or coarser-grained sediments (Figure 5c). Monogenic
breccias consist of angular clasts (a few millimeters to 5–10 cm) made up of previously
precipitated micrite. In fine- to coarse-grained calcarenitic limestones, concentric and radial
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patterns of carbonate veins and micritic patches are frequent; fossils are absent. In delta-
front conglomerates and sandstones authigenic micrite precipitated as intergranular cement,
dense irregular networks of carbonate-filled veins and extensional fractures are frequent.
Veins contain abundant black iron sulfides. The fossil content is scarce, with scattered
disarticulated clams or articulated lucinids. Stratified marlstones cemented by authigenic
micrite barren of fossils represent a transitional facies to normal marine conditions.

Carbon and oxygen isotopic composition. δ13C largely differs in the different lithofacies,
ranging from −46.0 to −11.0‰ PDB, and δ18O ranges from −4.7 to +2.4‰.

Biostratigraphy of host sediments. Nannofossil analyses of the enclosing marls indicate
the MNN6b subzone, Serravallian in age.

 

Figure 5. Recurrent seep-carbonate facies. (a) Polygenic breccias with clasts sourced from Ligurian
units (Montebaranzone area, outcrop 1 in Figure 1). (b) Polygenic breccias with disarticulated
bivalves; clasts sourced from previously formed seep-carbonates and from the underlying Marnoso-
arenacea Fm (Colline, outcrop 23 in Figure 1). (c) Complex network of veins and conduits (Deruta,
outcrop 7 in Figure 1). (d) Layered structures associated with disarticulated bivalves and mottled
micrite (Montepetra, outcrop 13 in Figure 1). Bar length = 5 cm.

Poggio Campane

Location. Seep carbonates are included in Verghereto marls capping the inner Marnoso-
arenacea unit coinciding with a main phase of the Apennine overriding (Figure 1).

Carbonate size and distribution. Seep-carbonates consist of three large stratiform bodies
and several large pinnacles ranging in extent from a few meters to 20 m and with a
maximum thickness of 8–10 m. Several minor irregular blocks and lenses (30 cm to 1 m in
extent) are scattered around the main bodies. The lithologies are calcarenites and calcareous
marls, with wide portions of carbonate breccias.

Seep-related facies. Marly limestones, calcareous marls, fine to very fine calcarenitic
limestones, grey to pale brown in color, with abundant fossil content. Fossils are densely-
packed articulated and disarticulated lucinid clams, with maximum diameter up to 25 cm.
Other facies include mottled micrites with veins and shell debris, vuggy marly limestones
with fractures and cavities, complex vein networks and doughnut structures (Figure 4b).
Monogenic breccias are common.
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Carbon and oxygen isotopic composition. δ13C = −32.2‰; δ18O = +2.2.
Biostratigraphy of host sediments. Based on nannofossil assemblages, the host sediment

indicates the MNN7 biozone.

Santa Sofia

Location. Seep-carbonate blocks are hosted in slope sediments of the Verghereto Marls
consisting of laminated, fine grained sandstones and marly-muddy beds, deposited by low
density turbulent flows. Seep-carbonates have a wide extent and mark the closure stage of
the foredeep before the overriding of the Ligurian units.

Carbonate size and distribution. Several tens of bodies of various dimensions and shapes
from large stratiform (up to 50 m in lateral extent and 10 m thick) to irregular metric blocks
and lenses. Carbonates consist of lightly colored, micritic limestones rich in mussels and
clams [45]. The passage to enclosing marls is gradual.

Seep-related facies. Common facies are: polygenic and monogenic breccias with isolated
articulated or disarticulated clams, centimetric conduits and doughnut fabric, network of
conduits filled by calcite cements, laminated micritic limestones with alternance of whitish
and brownish laminae.

Carbon and oxygen isotopic composition. δ13C from −36.4 to −27.2‰; δ18O from −0.3 to
+3.6‰.

Biostratigraphy of host sediments. The nannofossil biostratigraphy indicates the MNN8
biozone (San Vernicio outcrop) and MNN8–9 (Case Buscarelle outcrop).

Correlatable outcrops. Salsomaggiore: Case Gallo, Case Cagnotti and Zappini (δ13C
from −41.4 to −8.7‰; δ18O from −2.4 to +2.8‰) (Figure 1) [46].

Figure 6. Carbon and oxygen isotopic values measured in seep-carbonates from the examined
outcrops. The bar length represents the range of variability of the isotopic values; circles indicate
the average of the endmember values and numbers specify the outcrop as listed in the caption of
Figure 1. Rhombic features represent single measurement values.
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3.2.3. Umbria-Romagna Domain (Tortonian to Messinian)

Seep carbonates are hosted in the Ghioli di letto mudstones and coeval slope deposits:
during the early phase of the closure stage (Montepetra outcrops) and at the end of the
closure stage below the contact with the Gessoso-solfifera Fm. Seep carbonates are also
hosted in minor basin formed during the final stages of the Umbria-Marchean foredeep.

Montepetra

Location. The Montepetra outcrop formed along the outer slope of the accretionary
prism, close to the front of the orogenic wedge. Seep-carbonates are hosted in fine-grained
sediments (Ghioli di letto Fm, late Tortonian-early Messinian) draping thrust-bounded
folds and buried ridges, constituted by the older accreted turbiditic units. The Montepetra
outcrop is located in the south-eastern edge of a regional anticline, extending for more than
twenty kilometers in a NW−SE direction. Seep-carbonates crop out in the hinge zone of
the anticline and at the top of the mass transport deposits (geological details in [47]).

Carbonate size and distribution. Seep-carbonates consist of irregular metric lenses (up to
25 m) and blocks with different morphologies: lenticular-amygdaloid, mound-like irregular
bodies, pinnacles, concretions of variable thickness (Figure 3c).

 

Figure 7. Nannofossil and foraminifera biostratigraphic framework indicating the distribution of the
examined outcrops (numbers refer to Figure 1).

Seep-related facies. Monogenic and polygenic breccias, with intraformational and
extraformational clasts (from Ligurian units), networks of conduits and veins, with scarce
disarticulated and reworked fossils prevail in the basal portion of seep-carbonate bodies,
indicating repeated phases of carbonated precipitation followed by fracturing. Moderate
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to strong fluid seepages are suggested by laminated and mottled marly limestones with
vuggy fabrics chaotically mixed with polygenic microbreccias rich in articulated and/or
disarticulated lucinid clams (Figure 5d). Stratified micritic limestones and fine-grained
calcarenites with plane-parallel laminations and articulated lucinid-like bivalves occur in
the upper portion of the seep bodies during phases of low and diffuse fluid circulation.

Carbon and oxygen isotopic composition. Seep-carbonates yielded depleted δ13C values
with a large dispersion from −52.7 to −19.1‰, and positive or slightly negative oxygen
(δ18O from −0.7 to +6.0‰). Brecciated levels show the most depleted carbon isotope values
(δ13C from −52.7 to −36.0‰), associated with heavy δ18O values (from +2 to +6.0‰).

Biostratigraphy of host sediments. Based on planktonic foraminifera, the age spans from
the late Tortonian to the early Messinian MMi12-13 Zones (Figure 7).

Correlatable outcrops. Le Lame, Pietralunga [28,48], Caresto (geological description
in [49].

Brisighella

Location. Numerous seep-carbonate bodies are located at the top of the euxinic marls
of the Ghioli di letto Fm, and mark the contact with the overlying Gessoso-solfifera Fm.
Seep-carbonates and evaporitic levels are involved in several back-thrusts striking parallel
to the main NW−SE Apennine structures; the detachment level is located at the base
of the euxinic marls bearing carbonate bodies. The attitude of seep-carbonate bodies is
concordant with the Gessoso-solfifera Fm.

Carbonate size and distribution. Seep-carbonates vary from stratiform to pinnacular
(from 1 to 30 m in extent and up 10 m thick), to minor irregular lenses and blocks.

Seep-related facies. Monogenic and polygenic breccias are a common facies, with
isolated articulated or disarticulated clams and conduits (diameter of a few cm). Other
facies are marly limestones rich in densely packed bivalves (giant lucinids and rarely
mussels), massive to laminated micritic limestones resembling Beggiatoa beds, stratified
marly limestones with small lucinids and gastropods. Spongy fabric with a complex
network of cavities and veins and doughnut fabric, are common.

Carbon and oxygen isotopic composition. δ13C from −51.7 to −27.4‰; δ18O from −1.6 to
+5.0‰ [50].

Biostratigraphy of host sediments. Early Messinian.
Correlatable outcrops. See outcrops reported in [50,51].

Minor Basins

Location. Several small seep-carbonates in the Borello and Savio valley of the Romagna
Apennines (Case Bandirola outcrop of Figure 1) are hosted in late Tortonian proximal tur-
bidites belonging to minor basins of the Romagna-Marchean foredeep, known in literature
under various names (Molasse grossolane, Fontanelice Sandstones, Urbania Sandstones),

Carbonate size and distribution. Carbonates are present as small blocks (thickness rang-
ing from tens of centimeters to meters) in arenaceous coarse-grained turbidites, as crusts or
as arenite cement.

Seep-related facies. Common facies are mottled micrite with small articulated bivalves,
monogenic breccias with disarticulated bivalves and spongy fabric.

Carbon and oxygen isotopic composition. δ13C values are reported in [50].
Biostratigraphy of host sediments. Late Tortonian.

3.3. Intrabasinal Highs of the Inner Foredeep
3.3.1. Tuscan Foredeep (Cervarola Fm)
Brasimone-Suviana

Location. The pelitic interval enclosing seep-carbonates in the M. Cervarola Fm crops
out in the northern limb of the Granaglione-Montepiano overturned anticline [52]. The
pelitic interval consists of fine-grained marly turbidites up to 40–50 m thick and with a
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lateral extent of 20 km. Carbonate bodies are located in proximity of the tectonic contact
separating the M. Cervarola Fm from the Sestola-Vidiciatico Unit. Geological details in [52].

Carbonate size and distribution. Numerous carbonate lenses (a few decimeters to sev-
eral meters wide, 20 cm to 4–5 m thick) are made up of micritic and calcarenitic lenses,
strongly brecciated and rich in densely packed lucinid bivalves. The micritic groundmass
is commonly associated with pyrite, abundant bioclastic debris (planktonic foraminifera
and fragments of shells) and locally fine-grained sand grains, made of quartz, feldspars
and low-grade metamorphic rock fragments (phyllite, serpentinite, chlorite-schist) similar
to those of the M. Cervarola arenites.

Seep-related facies. Common facies are mottled micrite, strongly bioturbated, mono-
genic and polygenic breccias frequently barren of fossils, usually disarticulated, micrite
with dense networks of calcite veins and extensive vuggy fabrics. Micritic doughnuts,
nodular and cylindrical concretions and pipe-like structures are interpreted as fluid-flow
conduits. Chaotic structures and soft sediment deformation are common and consist of
small slumps involving marly and carbonate deposits.

Carbon and oxygen isotopic composition. δ13C = −15.9‰; δ18O = +1.4; Poggio Miche-
lino: δ13C from −29.5 to −14.7‰; δ18O from −8.7 to −2.6‰; Telecchio: δ13C = −21.0,
δ18O = −4.0.

Biostratigraphy of host sediments. The nannofossil biostratigraphy indicates the MNN5a
Biozone.

Correlatable outcrops. Telecchio, Poggio Michelino (Figure 1).

3.3.2. Umbria-Marchean Foredeep (Marnoso-Arenacea Fm)

Thousands of seep-carbonates crop out in pelitic intervals draping intrabasinal highs
in the Marnoso-arenacea foredeep. We recognized several pelitic intervals, each contain-
ing numerous seep-carbonate outcrops (Figure 1): Castagno-Corella (geological details
in [25,28]; Acquadalto (Podere Filetta, Monte Citerna, Capanne di Favaglie and corre-
late outcrop of Poggio Cavalmagra); Susinello-Romiceto-Casaglia-M.Colonna-Nasseto
described in [53]; Bedetta-Archetta (Colline, Mondera), Visignano (Prati Piani, case Ter-
mine). Here we describe the most representative outcrops. The more ancient pelitic interval
(Castagno d’Andrea-Corella) contains numerous (up to 40) seep carbonate bodies scattered
at various stratigraphic intervals; here we describe the two main outcrops, at the base
(Castagno d’Andrea) and at the top (Corella) of the Castagno-Corella pelitic interval.

Castagno D’Andrea

Location. Four large seep-carbonate bodies are vertically stacked and distributed
on three stratigraphic horizons concordant to the enclosing sediments and to the main
structural trends. Small-scale slumps occur locally in host sediments above the carbonate
bodies (geological details in [25,28]).

Carbonate size and distribution. Seep-carbonates vary from pinnacle-like to stratiform,
12 to 30 m wide and 5 to 10 m thick. Stratiform bodies are connected by pinnacular
structures (Figure 3b). The basal contact is highly irregular marked by <0.5 m sized micritic
concretions. Lateral transitions to enclosing sediments are sharp to gradual, with lateral
repetitions of small concretions.

Seep-related facies. Stratiform bodies are characterized by an irregular framework of
fractures and drusy-like cavities, associated with branched veins; in the upper portions,
dense arrangements of lucinid-like clams are observed. In pinnacle-like bodies polygenic
breccias prevail, with mixing of clasts from older underlying successions and from previ-
ously precipitated carbonate crusts and disarticulated clams. Monogenic breccias generated
by autoclastic processes are common.

Biostratigraphy of host sediments. Calcareous nannofossils of the enclosing marls indicate
the Langhian MNN5a subzone [54].
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Corella

Location. The outcrop is located within the same pelitic interval as Castagno d’Andrea,
approximately 10 km northwest, in a higher stratigraphic position. Six large carbonate
bodies and several minor meter-sized blocks are concentrated in two horizons (geological
details in [25,28]).

Carbonate size and distribution. Carbonate bodies are stratiform to lenticular, with a
lateral extent from 50 m to 230 m and thickness up to 30 m. Basal and upper surfaces are
flat. Lateral contacts with the host sediment are usually sharp, with pinch-out terminations.
Larger carbonate bodies are vertically connected by irregular minor meter-sized bodies,
or by highly cemented sediment.

Seep-related facies. The basal portion of the bodies is characterized by an irregular
framework of fractures, conduits, drusy-like cavities and polygenic breccias (mm to cm
sized) associated with disarticulated bivalves (Figure 5b). Monogenic breccias occur at
various levels. A dense concentration of articulated bivalves is observed at the top of
the bodies.

Carbon and oxygen isotopic composition. δ13C ranges from −42.3 to −26.6‰ VPDB. δ18O
ranges from −5.7 to +1.2‰ VPDB.

Biostratigraphy of host sediments. Calcareous nannofossils of the enclosing marls indicate
the Langhian MNN5a subzone.

Acquadalto

Location. The outcrops (Podere Filetta-Monte Citerna) are located within the pelitic
interval of Acquadalto (geological detail in [54]). The interval has a thickness from 40 to
75 m and is cut by normal faults with Apenninic direction. Seep-carbonates are numerous at
different levels commonly aligned along bedding. Some bodies show evidence of moderate
reworking within the slopes of the intrabasinal high.

Carbonate size and distribution. Seep-carbonates consist of numerous marly-calcareous
lenses, or irregular column-like and stratiform bodies, ranging in size from some decimeters
to 3–4 m, and with a thickness from 20–30 cm to 3 m. The lateral contact with host sediments
is gradual and interfingering; the transition is marked by carbonate-rich marly nodules.

Seep-related facies. The basal portion of bodies is characterized by an irregular frame-
work of fractures, large conduits, drusy-like cavities and polygenic breccias (mm to cm
sized) associated with disarticulated bivalves (Figure 5b). Monogenic breccias occur at
various levels. Densely packed articulated lucinid-like bivalves occur at the top of the
bodies. Mottled micrites pervaded by doughnut-like structures are common. Many marly
nodules are connected to seep-carbonates by irregular and intertwined conduits.

Carbon and oxygen isotopic composition. δ13C ranges from −15.8 to −3.6‰ VPDB. δ18O
ranges from −4.5 to −0.4‰ VPDB.

Biostratigraphy of host sediments. Calcareous nannofossils of the enclosing marls indicate
the Langhian MNN5b subzone.

Similar features characterize the outcrops of Colline Mondera (Bedetta pelitic interval)
(more details in [28]), and Prati Piani (Visignano pelitic interval) [55], all referable to the
nannofossil MNN7 biozone.

The Prati Piani interval has a lateral extent of about 15 km and a thickness from 60 to
120 m, mainly constituted by hemipelagic marls and thin bedded fine-grained turbidites
rich in ichnofossils. Extraformational bodies are present mainly in the basal portion,
whereas the top is marked by glauconitic arenites. Seep-carbonates occur both at the base
and in the upper portion of the interval.

Correlatable outcrops. Le Caselle-Pontevecchio [56].

4. Discussion

We report the spatial and stratigraphic distribution of seep-carbonate outcrops over
an area of ~10,000 km2 in the Emilia and Umbria-Marchean sector of the Apennine chain,
northern Italy. The examined 13 outcrops are representative of three different structural
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positions along the Miocene Apenninic accretionary system, and document a clear causal
relationship between active tectonics and their origin and distribution. The outcrops formed
within wedge-top basin, along the outer continental slope close to the orogenic front, and
in a more external position in the inner foredeep, in correspondence with fault-related
anticlines. The widely diverse outcrop-scale spatial patterns, facies and morphologies
of seep-carbonates reported in our study indicate that several factors influenced seepage
activity. From the examination of this dataset it follows that:

• there is a clear link between the onset and evolution of seepage and specific structural
positions with respect to main structural elements of the migrating Apenninic thrust-
wedge. Anticlinal structures represent the most recurring setting for methane-rich
fluid emissions and seep-carbonate formation. Folded structures along the outer
slope were constituted by thrust-bounded folds composed of the older imbricated
units. In the inner foredeep, at the leading edge of the deformation front, gentle
anticlines were generated by blind faults connected to the basal detachment. Upward
migrating fluids were conveyed toward the incipient anticline promoting seepage at
the forelimb, likely in correspondence of the propagation of the thrust fault to the
seafloor as observed in modern systems worldwide [28]. With the proceeding of the
deformation, the fault-related folding caused the progressive growth of the ridge. The
seepage shifted toward the hinge zone of the anticline, as the extensional stresses
created an effective system that provided pathways for migrating fluids at the crest.
In some cases, the predominance of diffusive methane seepage led to the precipitation
of tens of meter-sized and spatially-scattered carbonate bodies.

• Seep-carbonates provide important constraints to the duration of seepage activity.
The majority of studied outcrops are constituted by several meters thick carbonate
deposits spanning hundreds of thousands of years of precipitation [28,47]. Often,
the seep deposits are represented by numerous vertically-stacked carbonate bodies
testifying an intermittent activity of seepage and/or complex fluid flow patterns in
the sedimentary column (e.g., Fosso Riconi outcrop, [43]).

• The presence of gas hydrates was an additional controlling factor for seepage distri-
bution on the paleo-wedge of the Apennine and other mountain chains [23,57]. The
modelling of the paleo-gas hydrate stability recently reported by [33] for the examined
outcrops, indicated that pure methane hydrates were stable at a water depth of 1000
m, within the uppermost few tens of meters to 400 m of sediment (assuming Miocene
bottom water temperatures from 4 ◦C to 10 ◦C). The growth and the uplift of the
thrust-related anticlines created favorable conditions for gas hydrate destabilization
reducing the hydrostatic pressure and bringing gas hydrates out of their stability zone
(e.g., [58]). The focusing of fluids underneath the crest of the anticline was also favored
by the upward shift of the base of gas hydrate stability zone in proximity of the main
fault, due to the advection of warm fluids [5,59].

• In the examined wedge-top basin, seep-carbonate precipitation appears strictly related
with diapiric processes of the Montardone mélange. Diapirism involved old Epilig-
urian olistostromes and favored the ascending methane-rich fluids along the faulted
flank of the diapir, with the subsequent precipitation of seep-carbonates characterized
by chemosynthetic fauna. Diapirism was promoted by thrust loading of underconsoli-
dated mud-breccias. Polygenic breccias sourced from the ascending mélange formed
during fast, explosive seepage phases. In the last stage, the mélange reached the
sea-bottom and slope failure processes (debris flows, olistostromes) occurred along
the flanks of the mud-volcano, involving also blocks of authigenic carbonates.

• Finally, we identify a potential relationship between the lithostratigraphic distribution
of seep-carbonates and eustatic/climatic implication as a whole [29,30,60]. Examined
seep-carbonates are roughly concentrated in three main intervals of the Miocene: in
the Langhian (MNN5a), in the late Serravallian−early Tortonian (MNN6b-MNN7)
and the late Tortonian−early Messinian (MNN10-MNN11) (Figure 7). We are aware
that the biostratigraphic resolution is conditioned by the duration of the biozone
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that could be longer than the seepage activity. It is also evident that the tectonic
processes played a primary role in favoring the development of seepage systems,
by creating the structural pathways for fluid advection (thrust faults) as well as
trapping mechanisms for the accumulation of fluids (fold structures). Nevertheless
when comparing seep distributions with third-order eustatic curves [61], they seem
matching phases of sea-level low-stands. In particular the detailed study of one of
the best exposed Apennine outcrops (Fosso Riconi [43]) indicates that the onset of the
seepage approximates to the Mi3b cooling event (13.82 Ma). These results also match
with results of previous authors that proposed the correspondence of seep-carbonates
with cold climate and sea-level lowering. In this proposed scenario, the reduction
in hydrostatic pressure acting on the plumbing system, and related to sea-level falls,
would shift the bottom of the gas hydrate stability zone to shallower depths, inducing
gas hydrate destabilization.

5. Summary

The Miocene seep-carbonate outcrops of the northern Apennines (Italy) reflect a
long history of methane-rich fluid emissions along the paleo-accretionary wedge. In the
last decades, studies on the lithostratigraphic distribution of seep-carbonate deposits in
the Emilia to Umbria-Marchean sector of the Apennine chain highlighted the fact that
cold seeps developed in three main tectonic settings, corresponding to wedge-top basins,
outer slope and intrabasinal highs located at the deformational front. Structural and
biostratigraphic analyses conducted over the years provided solid evidence for the causal
relationship between tectonic phases related to the building of the Apennine wedge and
the evolution of fluid plumbing systems, and critical estimates of the duration of methane
emissions on the paleo-seafloor, that in the case of the largest deposits can reach several
hundreds of thousands of years of carbonate precipitation. In some cases, a climate
forcing has been proposed as a contributing factor to the inception of seepage. Detailed
sedimentological (facies, microstructures) and geochemical (δ13C, δ18O) investigations of
seep-carbonates revealed the involvement of paleo-gas hydrates, but further studies are
required in order to support the hypothesis of a regional-scale hydrate destabilization.

This study provided an overview on seep-carbonate deposits of the northern Apen-
nines (Emilia to Umbria-Marchean sector) and factors controlling the regional-scale spatial
and temporal evolution of Miocene cold seepage systems, representing a remarkably com-
plete record that can be used to better understand fluid plumbing systems at modern
convergent margins.
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Abstract: Some new results and preliminary remarks about the Plio–Quaternary structural and
evolutionary characteristics of the outer Marche Apennines south in the Conero promontory are
presented in this study. The present analysis is based on several subsurface seismic reflection
profiles and well data, kindly provided by ENI S.p.A. and available on the VIDEPI list, together
with surface geologic–stratigraphic knowledge of Plio–Quaternary evolution from the literature.
Examples of negative vs. positive reactivation of inherited structures in fold and thrust belts are
highlighted. Here, we present an example from the external domain of the Marche Apennines, which
displays interesting reactivation examples from the subsurface geology explored. The study area
shows significant evolutionary differences with respect to the northern sector of the Marche region
previously investigated by the same research group. The areal distribution of the main structures
changes north and south of the ENE–WSW oriented discontinuity close to the Conero promontory.
Based on the old tripartite classification of the Pliocene, the results of this work suggest a strong
differential subsidence with extension occurring during the Early Pliocene and principal compressive
deformation starting from the Middle Pliocene and decreasing or ceasing during the Quaternary.
The main structure in this area is the NNW–SSE Coastal Structure, which is composed of E-vergent
shallow thrusts and high-angle deep-seated normal faults underneath. An important right-lateral
strike–slip component along this feature is also suggested, which is compatible with the principal
NNE–SSW shortening direction. As mentioned, the area is largely characterized by tectonic inversion.
Starting from Middle Pliocene, most of the Early Pliocene normal faults became E-vergent thrusts.

Keywords: Plio–Quaternary evolution; outer Marche Apennines; seismic reflection profiles; tectonic
inversion; Coastal Structure; extensional and contractional deformation

1. Introduction

In the Apennines of Italy, and especially the Adriatic foreland domain, it is possible
to infer the foreland deformation process and explore the impacts of inherited faults and
basins on the subsequent evolution thanks to the milder deformation in the area and
the good geological and geophysical record documenting an interaction between normal,
thrust, and strike–slip faults.

Foreland domains are often affected by inherited rift-related or flexure-related syn-
sedimentary normal faults becoming involved in the advancing fold-and-thrust belt. This
introduces an element of further complications into the evolution of the foredeep systems
subsequently involved in the mountain belts, as evidenced by numerous studies in different
contexts, such as the Northern Apennines, Po Plain, and South-Eastern Pyrenean foreland
basins ([1–4], among others).

The tectonic and structural features of the Umbria-Marche Apennines (Figure 1) are
widely described in the literature, and several models have been proposed. The most
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important model is found in [5], which proposes a thin-skinned imbricate belt detached
above the crystalline basement (see also [6]). This model indicates strong shortening (in
the order of hundreds of kilometres) and important repetitions of the sedimentary cover.
Further studies on the geometries and evolution of the outer Marche sector, as well as their
extent, style, and age of deformation, are thoroughly reported in many works. Among
others, [7–13] mainly focus on stratigraphic record, geological setting, and sedimentary
evolution; [14] on the anatomy of the Apennine orogen; [15–20] on the structural and
deformation style; and [14,21] on the role of inherited structures and tectonic inversion.

 

Figure 1. On shore schematic geological map of the Marche region (modified from [22]). The work
in [23] was considered for the thrust location. Dashed square: study area; dashed red line: ViDEPI
seismic profile B-441 with Elisa 1 well (Figure 3). Inset: geographic location of the study and location
of the Transects. Transects: results for 1 to 7 are published in [24,25]. Transects 8 to 12: this work.
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The acquisition of new data (such as the CROP project, well stratigraphy and seismic
reflection profiles, and sedimentological and paleo-thermometric data) have shed new
light on the evolution of the area and introduced models that indicate the crystalline
basement’s involvement (thick-skinned model) and the reactivation of inherited faults
(inversion tectonic model). As a main outcome, the amount of shortening affecting this
area was progressively reduced from hundreds of kilometres to tens of kilometres [26].

New observations about onshore and offshore outcropping and buried Neogene–
Quaternary structures, as well as their possible implications for deep geothermal fluid
circulation, were recently integrated into the tectonic framework of the northern outer
Marche Apennines [24,25]. These studies highlighted new findings mainly characterized
by the presence of positive flower structures to be considered as common features along the
whole outer sector of the Northern Apennine chain [24]. This suggests the more relevant
influence of strike–slip kinematics in recent times, with implications for seismic assessment
and deep fluid circulation [25].

The southern sector of the outer Marche Apennines has been long investigated by
authors who addressed specific features in this area as related to a complex foreland–
foredeep geometry. In particular, several works explore the influence of thrust-system
propagation on the distribution of sedimentary sequences, their 3D geometric organization,
and the burial and exhumation history of these units [27–31]. These features were identified
as the link between the inner, uplifted, and Early Miocene Apennine fold-and-thrust belt
and the outer and younger belt to the east [31]. The interpretations of integrated structural
and stratigraphic studies indicate this to be the result of turbidite deposition in a complex
foredeep, strongly affected by tectonic activity and Messinian–Pliocene climate changes
([29,32] and references therein).

This paper represents a continuation of the above-mentioned studies [24,25] and
aims at highlighting the significant structural and depositional differences between the
northern and southern outer Marche Apennine, as well as discussing the timing and style
of deformation in the outermost sector of the belt toward the Adriatic foreland, where
milder deformation and mainly buried structures are present.

To this end, a detailed study along the sector south of the Conero promontory to S.
Benedetto del Tronto was conducted (Figure 1) using seismic reflection profile interpreta-
tions and well data for hydrocarbon purposes, kindly provided by ENI S.p.A. Available
online data: https://www.videpi.com/videpi/sismica/sismica.asp (accessed on 30 March
2021), and published studies further contributed to acquiring complete information and
enriching the results in our previous works.

2. Geological Setting

At the continental scale, the Alps and Apennines orogens are located in the hanging
wall of two opposite subduction zones. The Alps resulted from the Cretaceous to present
via the European plate being subducted beneath the Adriatic plate to the east, whereas the
Apennines resulted from the Eocene to the present via subduction of the Adriatic plate to
the west ([33] and references therein). The Adriatic plate itself is also subducted below the
Dinarides in its easternmost part [33,34].

The arcuate-shaped, NE-verging Umbria–Marche Apennines form the external part of
the Northern Apennines foreland fold-and-thrust belt (see [35] and references therein). This
belt resulted from the convergence between a mosaic of minor blocks of the Africa–Eurasia
plates, such as the European Corsica–Sardinia plate to the West and the African–Adria
plate to the east ([36–39] and references therein).

In the Umbria–Marche area, starting from the Miocene, the previously rifted and tele-
scoped African-bearing continental margin was involved in the compressive phase. Here,
different styles and degrees of the positive inversion of pre-orogenic faults controlled the
location, geometry, and evolution of compressive structures in several cases [16,28,40–44].
In addition, the inner portion of the chain was involved in the Late Miocene to present day
extension [14,23,45,46], with episodes of negative inversion [43,47–49].
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The study area belongs to the outer Umbria–Marche Apennines chain. The general
tectonic–sedimentary evolution of the Umbria–Marche sequence can be framed in three
main stages: pre-, syn-, and post-orogenic sedimentation [23]. The pre-orogenic sedimenta-
tion is characterized by basin carbonates and marly lithostratigraphic units (Late Triassic
to Paleogene in age; [23,35] and references therein, Figure 1). Both syn- and post-orogenic
sedimentation is characterized by prevalent terrigenous deposits from Neogene to Qua-
ternary in age and hosted in a wide foredeep basin (Periadriatic Foredeep; [50]). This
basin was generated by the flexure of the Adria plate under the Apennine Chain [51],
migrating eastward. The foredeep filling includes siliciclastic turbidites (e.g., the Messinian
Laga Basin), Plio–Pleistocene marine deposits [51–53], and wedge-top basin sediments [31].
The foredeep itself was gradually involved into the fold-and-thrust belt during the Late
Miocene to present.

In the present study, we investigate an area lying in the outer portion of the southern
Marche Apennines between the Conero promontory and S. Benedetto del Tronto (Figure 1).
In particular, the double effect of the Sibillini thrust to the west and the Gran Sasso thrust
to the south (the Abruzzo area in Figure 1) influences the Messinian foredeep geometry
and depth. The foredeep hosts thick, internally deformed, turbiditic fan complexes (the
Laga Formation; [30,54]) and some positive structures (Acquasanta, Montagna dei Fiori
and Coastal Structure) described in the literature (see [2,4,7,30]). The outcropping suc-
cession consists of Messinian turbiditic deposits (Figure 2), including a thick, arenaceous
basal member whose source is partially provided by the Eocene–Oligocene westernmost
chain [7,54] and shallow water facies (S. Donato and Argille a Colombacci Formations).
The Argille a Colombacci Formation is always above S. Donato Formation, while the latter
may rest discordantly above different members of the Laga Formation (see [22] and refer-
ences therein). Messinian deposits are followed by the Pliocene succession, whose base
marks the marine transgression that occurred after the “lago-mare” phase (sedimentation
breck-off; [55]) and the subsequent filling of the Central Adriatic foredeep [56].

The Plio–Pleistocene foredeep basin is associated with deep marine to alluvial sedi-
mentation that shows progressive infill of the basin and a final vertical regressive trend [41].
The infill mainly consists of hemipelagic mudstones deeply incised by coarse-grained
canyon-fill deposits [57,58] indicating slope degradation and sediment supply from the
uplifted Apennines [32]. Many authors associate these deposits with the outermost part
of the orogenic wedge [28,32]; with the formation of thrust fronts and folded structures
in the Early Pliocene [11,52]; followed by intense deep water clayey sedimentation in the
deepest areas until the Pleistocene; and a new compressive phase right after, likely linked
to the reactivation of Late Pliocene thrusts [10]. Deformation of the foredeep via thrusting
likely yielded open piggy-back basins and structural highs filled up by shallow-water
deposits, likely due to the tightness and blockage of the system against a stable platform, as
hypothesized in [11]. The sedimentation within the basin was also partially controlled by
the Pliocene–Pleistocene obliquity/precession cycles of the Earth’s orbit driving climatic
changes, as suggested in [28].

In its outermost portion, the belt shows compressive to transpressive flower structures,
which are NW–SE oriented and generally covered by Plio–Pleistocene deposits or partial
outcropping on the seafloor. These structures were identified and described in [25] and
are located further north of the study area as well as some NE-SW trending faults, which
affects the continuity of the previous structures.

In the considered area, the main structural element is the NNW–SSE trending Coastal
Structure (“Struttura Costiera” in [11]) which is located near the coastline. This structure
continues southwards in the Abruzzo area with similar characteristics [50].

Two main deformation events in the area were recognized by previous authors: an
extensional Messinian–Early Pliocene event due to the Adria plate flexure [50] followed by
a compressive phase ascribable to the late Early Pliocene [55] or to the Middle Pliocene [50].
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Figure 2. Synthetic stratigraphic scheme of the Messinian–Pleistocene of the Central Periadriatic Basin (CPB; slightly
modified from [32]). This scheme includes the stratigraphic schemes of previous studies [11,13,27,50,59], but in the right
column we list only the units and members of our study area.

3. Dataset and Working Methods

In the onshore and offshore areas between the Conero promontory and San Benedetto
del Tronto locality, numerous ENI S.P.A. seismic profiles have been interpreted in addition
to those available from VIDEPI (https://www.videpi.com/videpi/sismica/sismica.asp;
accessed on 30 March 2021). The ENI seismic profiles were migrated, while the VIDEPI
ones were stacked and already interpreted. Some ENI profiles were of a MERGE type
and good quality, resulting from advanced reprocessing. All the wells available in the
area corresponding to the interpreted seismic profiles were used for the interpretation.
However, the materials supplied by ENI are confidential, and we are thus not able to
represent them on the seismic profiles. Only a general well location was reported. For
the seismic velocities of the sedimentary sequences, we referred to [20,60–62]. We then
compared the seismic stratigraphy of the seismic profile VIDEPI B-441 001 (Figure 1) with
the log data of the Elisa 1 well placed on it (Figure 3). This comparison indicates that
velocity, Vp, for the Plio–Pleistocene sequence is 2000 m/s in agreement with the literature
in the same area [50,63].

Seismic profiles were then homogenized and scaled to 1:100.000 horizontally and 1 s
TWT = 2 cm vertically. In this way, the horizontal and vertical scales were harmonized for
the Plio–Pleistocene sequence of the seismic profile, and the geometries of the tectonic and
seismic–stratigraphic elements were preserved. As velocity increased at depths below the
lower Pliocene deposits, the dip angles of these structures became higher.

To determine the Plio–Quaternary’s tectono–stratigraphic evolution, specific seismo–
stratigraphic horizons were considered, as follows:

• Top of the Messinian/Pre-Pliocene;
• Near the top of the Early Pliocene;
• Near the base of the Quaternary;
• Unconformities.
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Within the interpreted profiles, the seismo–stratigraphic horizons are highlighted
with different colours (see Figures 3 and 4 and Plate 1 in Supplementary materials). Un-
conformities are shown in green dots (see Figures 4, 5, and 7). Some additional reflectors
are also highlighted (light blue) because these reflectors allow the main structures to
be better marked and identified. The boundary between the Pliocene and Quaternary
deposits has been always defined based on the available well stratigraphy, where Cal-
abrian is considered to be the base of the Quaternary, while the new bio–stratigraphic
scale from https://stratigraphy.org/ (accessed on 30 March 2021) includes the Gelasian
(2.58–1.8 Ma) to Quaternary. This scale could introduce some differences compared to
recent cartography [22] but is consistent with [7,62].

Some of the best seismic profiles were selected and organized in 5 almost-parallel
Transects with a SW–NE direction within the above-mentioned area. Each Transect is
composed of several seismic profiles that are aligned or partially overlapping and aim at
realizing a single element.

 

Figure 3. Stratigraphic correlation between the ELISA 1 well and a segment of the ViDEPI B-441
seismic profile where the well is placed (Figure 1).
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Figure 4. Transect 8. The Transect is composed of several seismic profiles labelled with letters A, B, C, see Figure 1).
Quaternary deposits are highlighted in blue, Middle–Upper Pliocene deposits are in yellow, Lower Pliocene deposits
are in orange, and top Messinian/Pre-Pliocene deposits are in brown. No colour is used for the pre-Pliocene sequence.
Unconformities are shown in green dots. Light blue: undefined seismic reflectors. This legend is valid for all Transects
(Figures 5–8).

 

Figure 5. Transect 9. The purple line shows the hypothetical basement.

 

Figure 6. Transect 10.

 

Figure 7. Transect 11.
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Figure 8. Transect 12.

Figure 1 presents traces of the Transects and each seismic profile within them. These
traces complete our previous analyses of the outer Apennine Marche sector north of the
Conero promontory, where seven Transects have already been observed [24,25]. For this
reason, the new Transects are numbered from 8 to 12.

These Transects are represented individually in Figures 4–8 and are reported using a
high-resolution plate in the supplementary material (Plate 1).

4. Results by Wells and Seismic Profiles Interpretation

4.1. Transects

The northernmost Transect (number 8 in this work; Figure 1) developed in the onshore
and offshore areas just south of the Conero promontory and includes the seismic reflection
profiles A, B, and C (Figure 4). Overall, the quality of these seismic reflection profiles
is good; among these profiles, profile B, which was already interpreted in the VIDEPI
catalogue, was further interpreted here using different colours.

In the onshore area, a WSW–ENE seismic profile (A) extends from the east of the
Appignano locality to the coastline (ENE). Along this profile, some wells (Figure 1) allow
good calibration of the top of the Messinian/Pre-Pliocene and near the top of the Early
Pliocene seismo–stratigraphic horizons. An unconformity is also present within the Middle–
Upper Pliocene deposits. In the offshore area, two seismic reflection profiles are present
(B and C) and are aligned along a WSW–ENE direction. In particular, the B profile partly
overlaps the A profile, and two hydrocarbon wells occur nearby.

Transect 8 is characterized by three structurally well-defined areas. On the western
area a wide syncline is present, affecting a large thickness of about 3000 m Pliocene deposits.
Lower Pliocene deposits cover the Messinian deposits in transgression. These deposits
have an almost constant thickness, while those above the Middle–Upper Pliocene feature
have variable thickness (ranging between 1800 m in the syncline core and about 1000 m
along the limbs). Quaternary deposits have a thickness of a few hundred meters.

The western limb of the syncline is affected by a high-angle, W-dipping reverse fault
system. This system deforms the whole Lower to Middle Pliocene sequence without
involving that of the Upper Pliocene. However, in the westernmost part, some faults
deform the overlying unconformity placed within the uppermost part of the Middle–Upper
Pliocene sequence.

In the central area, a very complex compressive and uplifted structure (“Coastal Struc-
ture”) is present. This structure is characterized by shallow East-verging thrusts affecting
the Lower–Middle Pliocene sequence and, marginally, the Upper Miocene sequence. Be-
low this structure, an E-dipping reverse fault and a slightly W-dipping sub-vertical fault
reaching the relevant depths (>4 s TWT) are present. Quaternary deposits were likely
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involved in the deformation of the upper and frontal sectors of this Coastal Structure. As
highlighted in the A seismic profile, Quaternary deposits outcropping on the western side
of the Coastal Structure show reduced thickness compared to those on the eastern side.
The Lower Pliocene deposits are indeed less than 100 m in thickness in front of the Coastal
Structure and about 1000 m within the syncline behind.

On the eastern area (seismic profiles B and C), numerous reverse high angle W- and
E-dipping faults are present. Overall, the vertical displacement of these faults is moderate,
rarely exceeding 500 m. Lower Pliocene deposits have an average thickness of about 100 m
or can be absent in the proximity of some structural highs (see C in Figure 4 and the wells
presented here). The Middle–Upper Pliocene deposits show more variable thickness, from
about one hundred meters on the structural highs to more than 1000 m in the proximity
of faults and in structurally deeper areas. This extreme variability together with the
characteristics of unevenness and chaos of the seismic horizons suggest a syn–tectonic
origin of these deposits. The middle lower part of this sequence is certainly affected by
reverse faults, while the upper part does not appear to be involved in deformation (seismic
profiles B and C in Figure 4). Indeed, in this area the Quaternary deposits show a regular
trend—increasing their thickness toward the east—and are not involved in deformation.

Transect 9 (Figure 5), which includes several wells, shows similar structural and
stratigraphic characteristics to those of Transect 8. These differences relate to the greater
thickness of the Lower Pliocene and Quaternary deposits facing the Coastal Structure and
the high angle faults that are more evident below this structure. A Middle-Upper Pliocene
unconformity is also clear in this area and was displaced by frontal thrusts. In this Transect,
seismic reflection profile A overlaps profile B moving eastward toward the coastline. This
profile exhibits a shallow compressive structure characterized by east- and west-verging
thrusts.

In this structure, the Lower Pliocene deposits are concordant with the Messinian ones,
featuring a thickness of about 800 m and more than 1000 m. Eastward, the thickness is
notably reduced (about 150 m). Moreover, an unconformity present in the Middle-Upper
Pliocene deposits separates the upper portion of the sequence, which is characterized by
onlap geometry, from the lower one featuring pinch-out geometry. Furthermore, below the
surface thrusts of the Coastal Structure, seismic profiles A and B from Figures 4 and 5 show
very evident high angle W- and E-dipping faults. Offshore, seismic reflection profiles C
and D show pre-Pliocene bedrock widely deformed by high angle west- and east-dipping
compressive faults forming gentle pop-up structures with reduced vertical displacement.
The thickness of the Lower Pliocene deposits is always very low (<100 m, as also reported
in well stratigraphy), while the Middle–Upper Pliocene deposits are syn–tectonic with
high variable thickness (from a few to several hundreds of meters) close to compressive
structures. Quaternary deposits have a relatively constant thickness (about 600–800 m)
and are not affected by deformation. All the other Transects (10–12, see Figures 6–8) show
similar characteristics to those described above. As already mentioned, due to the different
resolutions of seismic profiles and/or local factors, certain features are clearer than others.

In the westernmost sector of Transects 10 and 11, a deeply rooted sub-vertical structure
is highlighted. Transect 10 (Figure 6) shows a branched flower structure that separates the
Laga Formation units by the Colombacci Formation at the surface (Figure 1; [25]). This is
a branched structure with a possible strike–slip component. In these two Transects, the
compressive, W-dipping structures observed in Transect 8 are absent. Furthermore, along
Transect 11 (profile A in Figure 7), an important normal E-dipping fault (more than 3000
m of vertical displacement) defines the Lower Pliocene basin to the west and is covered
by transgressive deposits of the Middle–Upper Pliocene. In the same Transect, the above-
mentioned unconformity within the Middle–Upper Pliocene sequence is clearly visible
within the syncline. Transect 11 shows that during the Middle/Upper Pliocene, there was
simultaneous subsidence (with transgression) in the current onshore to the west together
with compression and uplift to the east (Coastal Structure, profiles A-B in Figure 7). In both
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Transect 11 and 12 (Figure 8), compressive E-dipping faults under the Coastal Structure
thrusts are clearly present, as in Transects 8 and 9.

Some thrusts of the Coastal Structure, as shown in Transect 11, affect the Quaternary
deposits, such as in Transect 8. In Transect 12, only the shallowest Quaternary deposits
are transgressive and are not involved in the deformation. Instead, in Transect 10 the
thrusts affect only the Middle–Upper Pliocene sequence. In all Transects, the Quaternary
succession covering the offshore flower structure is undeformed. Furthermore, evidence of
fore-set Quaternary sedimentation is present in Transects 10 and 12 (Figures 6 and 8).

4.2. Characteristics and Distribution of the Plio–Quaternary Deformation
4.2.1. Early Pliocene

Based on well data logs and interpretations of both VIDEPI and ENI seismic profiles,
we achieved a reconstruction of the thicknesses and distribution of the Lower Pliocene
stratigraphic sequence (Figure 9).

 

Figure 9. Schematic map of the distribution and thickness of Lower Pliocene deposits within the Marche region and the
adjacent Adriatic Sea. Marche Adriatic Structural High (MASH) and smaller structural highs and basins are highlighted
with the same colour. The study area is located in the dashed square.

188



Geosciences 2021, 11, 184

This sequence has significant and sudden variations in thickness, and we were able
to distinguish between the true sedimentary thicknesses and local tectonic repetitions or
highly inclined bedding in proximity of compressive structures. This does not allow us
to reconstruct a reliable isopaches map. Afterward, for an immediate view of the Lower
Pliocene deposits distribution, we identified two distinct thickness classes (less than 200 m
and greater than 500 m). This simple representation makes it possible to easily locate the
position, geometry, and kinematics of the faults affecting this sequence. Finally, in Figure 9
the whole outer Marche Apennine sector has been reproduced to show the distribution of
this succession.

The thickness distribution of the Lower Pliocene deposits shows evidence of a wide
semi-submerged Marche Adriatic Structural High (MASH) area mainly located on the
current Adriatic offshore (light green in Figure 9), as well as evidence of a wide basin area
located in the northern portion of the same offshore area and in the south onshore area
(dark green in Figure 9). This area also includes the northern part of the Marche territory,
which is only marginally examined in this work.

Within the MASH area, the thickness of these deposits is very modest (a few tens of
meters and, locally, not more than 200 m). In the basin area, the thickness rapidly increases,
ranging from more than 500 to 3330 m. The limit between the plateau and basin areas
features an NNW–SSE trend south of the Conero promontory lies slightly eastward of the
current coastline, which shows instead an NE–SW trend in proximity to the Fano offshore
area.

This spatial distribution is likely due to a normal or transtensive fault system that
separates the wide and stable MASH area, which appears to be slightly subsident and lo-
cated in the central–southern Adriatic offshore, from a basin area that is strongly subsident
towards its western and northern portions.

Furthermore, the western side of the basin is marked by a normal fault system (Tran-
sects 10A, 11A; Figures 6 and 7). This transtensive fault system was active soon before the
onset of the compressive phase highlighted within the Transect.

As underlined in the previous section, this normal fault system consists of syn–
sedimentary high angle W- and E-dipping faults characterized by remarkable vertical
displacement reaching thousands of meters, which is clearly detectable in the interpreted
seismic profiles.

The main faults were likely placed in proximity of the NNW–SSE and NE–SW bound-
aries of uplifted and subsident areas. Other minor faults further disarticulated both the
basin and the MASH areas, defining local thickness variations in the sequence.

4.2.2. Middle-Late Pliocene-Quaternary

Based on our investigation, three structurally well-defined areas along a W–E direction
are identified (Figure 10).

The western area is characterized by a wide syncline. In the northern part of this area,
the syncline is locally intersected by W-dipping high-angle reverse faults (Figure 4); in
the southern portion, Lower Pliocene deposits end against a high-angle E-dipping normal
fault to the West, covered by transgressive Middle–Upper Pliocene deposits. The syncline
axis is about N–S oriented. W of the syncline, a sub-vertical fault system deeply rooted
with a N–S trend can be observed.

The central area is marked by a compressive structure (Coastal Structure). This
structure consists of a series of E-verging thrusts within the shallower sequence, mainly
affecting the Lower–Middle Pliocene deposits and only marginally affecting the Messinian
ones. Thrust displacements are rapidly reduced within the Messinian and Lower Pliocene
deposits. Just below this horizon, E-dipping reverse faults and deeper high-angle W-
dipping faults are present. The Coastal Structure shows an NNW–SSE, almost continuous,
trend, and sometimes crops out close to the coastline. This structure was formed starting
during the Middle Pliocene, and its deformation continued until the Upper Pliocene, in
some parts up to the Quaternary.
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Figure 10. Structural sketch map of the outer Marche area south of Conero promontory. The main Plio–Quaternary
structures are highlighted.

The eastern area is characterized by W- and E-verging high-angle reverse faults,
giving rise to gentle flower structures with an NW–SE trend. These structures were
formed from the Middle Pliocene and developed structural highs, some of which were
still emerging during the Upper Pliocene/Pleistocene (Transects 10, 11; Figures 6 and 7).
Compressive deformation stopped during the Upper Pliocene, and Quaternary deposits
were not affected.

5. Discussion

During the Messinian, this part of the Marche Apennines outer sector emerged or was
close to emersion (the “lago-mare” succession in Figure 2), with sedimentary break-off [55].
The top Messinian/pre-Pliocene seismic horizon was always clearly evident in the exam-
ined seismic profiles, with frequent characteristics of an erosive surface (Figures 6 and 7).
The Lower Pliocene deposits, however, are often transgressive or discordant over the un-
derlying Messinian or pre-Pliocene ones. Furthermore, no important evidence of Messinian
active tectonics was found in this area. This part of the sector started to deform during the
Early Pliocene when normal or transtensive faults with an NNW–SSE trend were enucle-
ated. These faults separated heavily subsident basin areas from almost-stable structural
highs (Figure 9).

The basin area was mainly located along the current onshore, while the Marche
Adriatic Structural High (MASH) was located in the current offshore. This feature con-
tinued southward in the Abruzzo region with quite similar characteristics, as described
in [28]. According to these authors, in Abruzzo, the basin formed due to horst and graben
structures starting in the Messinian–Pliocene transition due to flexural extension of the
under-thrusting Adria Plate. In our study area, this extensional phase started in the Early
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Pliocene, as indicated by the erosive top Messinian and the transgressive and discordant
Pliocene deposits above it.

North of the Conero promontory, the area’s slightly more complex setting was also
due to an important NE–SW trending fault that segmented the MASH, yielding a basin
area to the NW (Figure 9). This structure, already identified in [24], continues from the Fano
offshore to the SW along the river valley (Figure 1). Other local features with an NE–SW
trend segmented both the basin and the MASH, forming lower-ranking depressions and
structural highs (Figure 9). The northernmost transverse structures correspond to the
Cattolica seismogenic system [24].

Starting from the Middle Pliocene, a compressive regime was established in the sector
south of the Conero promontory, growing the structures underlined in the Transects and in
Figure 10.

In more detail, in the study area we highlighted a wide syncline with an almost N–S
trend to the west, the Coastal Structure with an NNW–SSE trend in the central portion,
and the NW–SE-trending gentle-flower structure system to the east. The syncline was
thus formed in correspondence with the Lower Pliocene basin, and the Coastal Structure
formed in correspondence with the normal faults bordering the same basin to the east
(Figures 9 and 10). The Middle Pliocene deposits are continuous with those of the Lower
Pliocene at the syncline core while resting on the same deposits with a pinch-out feature and
reduced thickness in proximity to the growing Coastal Structure western flank (Transects 9,
11, and 12; Figures 5, 7 and 8). Variable thickness, with greater thickness close to the faults,
attests to the syn–tectonic origins of these deposits in the offshore area.

Further to the west of the syncline, the N–S Amandola-positive flower structure
(Figure 6) separates different Messinian units [7]. This structure is high-angle and deeply
rooted (Transects 10 and 11; Figures 6 and 7), likely extending farther than the represen-
tation in Figure 10. The push-up in the western part of Transect 8a (Figure 4) is likely a
continuation of the Amandola structure or one of its branches. All these structural elements
are slightly divergent from each other and are interrupted along a complex transverse
structure approximately ENE–WSW oriented and located immediately south of the Conero
Promontory (Figure 10).

The compressive deformation phase ended in the western and eastern areas during
the Late Pliocene-Early Pleistocene. The unconformity within the Middle–Upper Pliocene
deposits (Transects 9 and 11; Figures 5 and 7) indicates that the syncline has not deepened
since the Late Pliocene. Upper Pliocene deposits rest in an on-lap over the underlying ones
above the unconformity and reduce their thickness in proximity of the western flank of
the Coastal Structure. These features indicate that, within the syncline, the lower parts of
the Middle–Upper Pliocene deposits are syn–tectonic, while those of the upper part are
post-tectonic.

The flower structures of the Adriatic offshore are sealed by the Quaternary deposits.
In the central area, the Coastal Structure continued its activity even during the Quaternary,
as shown in several areas (Transects 8,9, and 11 in Figures 4, 5 and 7). Therefore, all these
structures were formed during the Middle Pliocene. Most of these were deactivated at the
end of the Late Pliocene, while a few others were probably still active during the Early
Pleistocene (Transects 10–12 in Figures 6–8).

The Coastal Structure is characterized by low-angle faults close to the surface and
high angle faults at depth. Low-angle faults are mainly involved in the Lower Pliocene
deposits, making their repetition clearly visible in all Transects. The underlying Messinian
deposits were, instead, not significantly involved, likely due to detachment between the
two sequences. In [11], however, Messinian deposits were considered to be strongly
involved in deformation. At the western edge of the syncline, and underneath the highly
deformed close-to-the-surface succession (Transect 11), parts of the original faults bordering
the Lower Pliocene basin are still recognizable. Looking at the Lower Pliocene deposits
distribution map (Figure 9), it can be seen that the Coastal Structure is nucleated in the
same position as the faults bordering the previous Lower Pliocene basin to the east and
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perfectly follows the trend of the latter. Therefore, this structure was formed by partially
inverting or deforming (Figure 11) the previous high-angle normal/transtensive faults (see
also Figures 5–8). These faults may have acted initially as a barrier, forcing the involved
sequences to climb upwards; in some cases (Figures 5, 7 and 8), the innermost thrusts
show a higher angle than the external ones. Subsequently, as the shortening increased, the
upper parts of the Early Pliocene faults were decapitated (see [43]) and included within
the superficial low-angle, E-verging thrust sheets, which mainly affect the Lower Pliocene
succession that is partially detached from the underlying one (Figure 11).

 

Figure 11. Sketch diagram showing the evolution of the Coastal Structure from the Early to Middle
Pliocene across two representative cross-sections (not to scale). The size of the grey arrows is
proportional to the intensity of vertical movement.
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Thus, in the later stage (Late Pliocene–Quaternary), some of the thrust sheets partially
covered the westernmost flower structures of the eastern Adriatic area (Transects 8, 10, and
12 in Figures 4, 6 and 8). The compressive Coastal Structure formed due to the inversion of
previous extensional features following the “interaction of extensional and contractional
deformation” model proposed by [43,64] and in [18,65] for the nearby Montagna dei Fiori
and Cingoli structures (Figure 11).

The Coastal Structure continues southward, in the Abruzzo region, with quite similar
litho–structural characteristics and ages of deformation [50,65]. Additionally, in that area,
E-vergent thrusts are mainly found in the Lower Pliocene deposits, which, in this case, are
completely detached from the underlying Messinian ones. However, unlike the process
proposed for our study area, these authors suggest that the previous Early Pliocene normal
faults bordering the basin were already enucleated during the Messinian. Furthermore,
these normal faults were not involved in compressive deformation but were simply covered
by the thrust sheets. According to these authors, compressive deformation began in the
Early Pliocene.

As a result of the compression that determined the Coastal Structure’s development,
tilting of the block between this structure and the Amandola structure to the W likely also
have occurred. During the Middle Pliocene, there was simultaneous uplift of the eastern
front (enucleation and uplift of the Coastal Structure) and subsidence of the western side
(transgression of the Middle Pliocene deposits on those previously raised during the pre-
Pliocene time; Transect 11). The horizontal rotational axis may correspond to the syncline
axis. This mechanism is similar to that described in [66] for the Po Valley. During the
Late Pliocene–Quaternary this rotation ceased, and the deposits of the same age became
horizontal.

The Amandola structure, the syncline, and the Coastal Structure show a straight and
regular trend. As previously mentioned, the trend of these main onshore structures is
somewhat divergent from the offshore one, even though they all formed during the same
time interval. This can be attributed to the influence of pre-existing features inherited by
previous deformation phases such as the faults shown in Figure 9. These structures are
compatible with the main local shortening oriented in an NNE–SSW direction during the
Middle–Late Pliocene (compression with the P axis about NNE–SSW; Figure 12), which
emerged in the northern sector of the Marche region [24,67,68] and, more generally, in the
overall Central Adriatic area [69,70].

In this context, right-lateral transpression developed along the Coastal Structure and
likely enhanced the gentle flower systems of the Adriatic offshore (Figure 12)

The Coastal Structure schematically represented as continuous and regular in Figure 10
is most likely composed of several structures, some of which were still active during the
Quaternary, as shown by fairly significant earthquake sequences (Mw = 5, Porto San Giorgio
sequence, [71,72]) that occurred recently (Figure 12).

As previously mentioned, the described structures were somehow interrupted to the
north along a transverse ENE–WSW-oriented structure. The existence of transverse faults
has been highlighted in literature by various authors, particularly in the Marche-Abruzzo
onshore (see [7,24,73] and reference therein). In our study area, several structures under-
went sudden changes in characteristics (age of deformation, geometry, and direction) that
are observable when compared to those mapped in [24] in the areas west, east, and north of
the Conero promontory. Furthermore, the structures present immediately northward of this
transverse element and of our study area, e.g., the Early Pliocene transpressive structure of
Strada-Moie and S. Andrea di Suasa (see Figure 7 in [23]) are no longer present in the south.
Indeed, in this southern area, extension was still occurring during the Early Pliocene.
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Figure 12. Kinematic sketch map. Red lines indicate fault systems still active during the Quaternary. The black arrow
represents the main shortening direction, red arrows describe the right lateral strike–slip component, and the plus symbol
(+) is the narrow strongly uplifted area. Focal mechanisms (beach balls) of the main earthquakes of 1987 Porto S. Giorgio
and 2013 south of Conero seismic sequences are shown.

The transverse structure south of the Conero promontory, already partially present
in [7], interrupts structures with Quaternary activity, i.e., the Coastal Structure to the south
and the Conero compressional structure [25] to the north. Therefore, this tectonic element
must be Quaternary itself, as also attested by recent earthquakes and seismic sequences
in the offshore along the element (Figure 12). These focal mechanisms are predominantly
strike–slip, with P-axes oriented around the ENE–WSW and sub-vertical planes [67,68].
Furthermore, the epicentres of the seismic sequences described by these authors are aligned
ENE–WSW.

6. Conclusions

Seismic profile interpretations and well stratigraphic data allowed us to describe the
Plio–Quaternary evolution of the outer Marche Apennines south of the Conero promontory.
The main results can be summarized as follows:

• During the Early Pliocene, the area was affected by extensional or transtensive tec-
tonics, resulting in the formation of a strongly subsident basin and a more stable
structural high. More than 3000 m of sediment accumulated in the basin zone, while
the structural high (MASH) hosts less than 200 m of Lower Pliocene deposits.

• The basins and structural highs are separated by an approximately NNW–SSE normal
and transtensive fault system located close to the current coastline. Other normal
faults with an NNW–SSE trend developed in the current onshore area and border the
basin to the W. The structural high is instead located in the current offshore area.

• Starting from the Middle Pliocene, the entire area underwent compression, with the P
axis oriented about NNE–SSW leading the formation, from W to E, of the NNW-SSE
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dextral strike-slip Amandola structure, the NNW–SSE dextral transpressive Coastal
Structure, and an NW–SE-striking system of gentle flower structures (offshore).

• The Coastal Structure is the most complex and important structure in the study area.
It consists of an E-vergent thrust system at surface and high-angle E and W-vergent
faults at depth. Shallow thrusts mainly affected the Pliocene deposits and, locally,
the Quaternary ones. The mainly Messinian underlying deposits were marginally
involved in deformation. Deeper faults affect Mio-Pliocene and older deposits. As a
result, in the shallower part of the Coastal Structure, pre-existing normal faults were
inverted or crosscut and incorporated into the ongoing thrusts, while at depth, they
were not deformed.

• The trends of the Coastal Structure and the flower structures within the offshore are
slightly divergent despite being contemporaneous because the former was strongly
influenced by inherited structures.

• The compressive phase was finished during the Late Pliocene in the syncline, as
well as along the flower structures. The Coastal Structure was still active during the
Quaternary. This is also testified by recently recorded seismic activity.

• A complex transverse structure with a general ENE–WSW trend (at least partially
active and seismogenic) traces the boundary between the outer areas north and south
of the Conero promontory, where the styles, geometries and times of deformation of
the Plio–Quaternary structures are significatively different.

Based on our results, we conclude that during the Plio–Quaternary times, this portion
of the outer Apennine sector is mainly affected by a right-lateral transpressive deformation,
and by widespread kinematic inversion of pre-existing structures. Former studies proposed
a simple E-vergent compressive deformation for the same area.
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Abstract: Unravelling the burial-deformation history of sedimentary rocks is prerequisite information
to understand the regional tectonic, sedimentary, thermal, and fluid-flow evolution of foreland
basins. We use a combination of microstructural analysis, stylolites paleopiezometry, and paleofluid
geochemistry to reconstruct the burial-deformation history of the Meso-Cenozoic carbonate sequence
of the Cingoli Anticline (Northern Apennines, central Italy). Four major sets of mesostructures were
linked to the regional deformation sequence: (i) pre-folding foreland flexure/forebulge; (ii) fold-
scale layer-parallel shortening under a N045 σ1; (iii) syn-folding curvature of which the variable
trend between the north and the south of the anticline is consistent with the arcuate shape of the
anticline; (iv) the late stage of fold tightening. The maximum depth experienced by the strata prior to
contraction, up to 1850 m, was quantified by sedimentary stylolite paleopiezometry and projected on
the reconstructed burial curve to assess the timing of the contraction. As isotope geochemistry points
towards fluid precipitation at thermal equilibrium, the carbonate clumped isotope thermometry (Δ47)
considered for each fracture set yields the absolute timing of the development and exhumation of the
Cingoli Anticline: layer-parallel shortening occurred from ~6.3 to 5.8 Ma, followed by fold growth
that lasted from ~5.8 to 3.9 Ma.

Keywords: Apennines; fold-and-thrust belt; burial and tectonic history; fractures; stylolites; fluid
flow; clumped isotope thermometry; paleopiezometry

1. Introduction

The reconstruction of the burial-deformation history of sedimentary rocks is a com-
plex issue but an essential exercise to understand the tectonic and sedimentary history in
fold-and-thrust belts and foreland basins, with numerous implications spanning from the
evolution of the fluid-flow system and associated resources to the understanding of the
long-term behavior of the upper crust [1–7]. Mesostructures observed in fold-and-thrust
belts and related forelands, such as faults, veins, and stylolites provide essential infor-
mation for understanding the deformation pattern [8]. Numerous studies have indeed
linked the development of fractures to the large-scale long-term folding history and geom-
etry, either through a descriptive field-based approach [9–11], paleostrain and paleostress
reconstructions [12–17], mechanical simulation (e.g., [18,19]), or through geochemical ap-
proaches (e.g., [20]). Besides, studies of distributed subseismic fractures demonstrated
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that mesostructures are markers of the local deformation sequences and provide access to
the evolution of the associated paleostresses [8–10,15,21–36]. When it comes to the burial
history, however, the depth-time paths are reconstructed from temperature-dependent
proxies, such as organic matter thermal maturity, temperature-dependent clay minerals
(e.g., [37–39]), fluid inclusion microthermometry, or low temperature thermochronology
(apatite fission tracks, U-Th/He on apatite crystals [40–46]). All these methods rely on
the occurrence of specific features (organic matter, fluid inclusions, specific minerals like
zircons, or Ar-rich clays) and return only partial information (e.g., maximum temperature,
timing of reaching closure temperature . . . ) while requiring assumptions about the past
geothermal gradient. The latter is often argued over in fold-and-thrust belts and foreland
basins where uplift and erosion are common events, thus it remains strongly challenging
to reconstruct the burial at which the deformation occurred [7].

We propose to build on recent methodological advances to better constrain the timing
of deformation in fold-and-thrust belts and foreland basins. The development of U-Pb
dating on calcite cement enables absolute dating on the tectonic vein filling and synkine-
matic clay minerals (e.g., [47–49]), clumped isotopes can be reliably used to reconstruct
the exact temperature of precipitation under 90–100 ◦C [50], and its combination to fluid
inclusion microthermometry allows to reconstruct the temperature-pressure-time path in
sedimentary sequence [51]. Moreover, the understanding of how stylolites can be used as
stress gauges [52,53] enables reconstruction of the burial experienced by sedimentary rocks
(e.g., [7,54–60]). These methods rely on the ubiquitous features of carbonate rocks, and we
propose in this contribution to combine paleopiezometry and isotope-based thermometry
as a new methodology widely applicable to carbonates in order to assess the timing and
depth of burial/contraction during deformation history. We present an original application
by reconstructing the burial-deformation history of the carbonate sedimentary sequence
of the Cingoli Anticline, an arcuate fold in the Umbria-Marche Apennines Ridge (UMAR,
Northern Apennines, central Italy; Figure 1). The Cingoli Anticline is an excellent case
study for testing such new methodologies: (i) it is a rather simple symmetrical fold, mainly
formed by carbonate rocks exhibiting pervasive fractures and stylolites [61]; (ii) there
is an abundant literature that discusses the timing of folding, based on sedimentologic
and tectonic studies [62–64]; (iii) the geothermal gradient is known [65]; and (iv) it be-
longs to a young mountain belt where the past mesostructures received relatively poor
attention [60,61,66–70] compared to their active counterparts.

In this study, we aim at identifying, characterizing and dating the mesostructures
related to the main stages of deformation, i.e., faults, fractures, and stylolites linked to layer-
parallel shortening (LPS), folding, and late-stage fold tightening (LSFT). For this purpose,
we first carry out a classical field-based mesotructural study. We further reconstruct the
burial history of strata by building burial curves using present strata thickness corrected
for physical and chemical compaction and by applying the roughness inversion technique
to sedimentary stylolites in order to quantify the maximal vertical stress, and hence the
maximum burial depth experienced by the sedimentary sequence prior to contraction and
during exhumation.

The timing of the deformation is further constrained by the temperatures derived
from isotopic data (18O,13C and clumped isotopes), showing a thermal equilibrium with
the host rocks considering previously published geothermal gradients, and compared to
previous studies carried out in nearby folds [60,71]. This original and transferable approach
reveals the burial evolution, the timing of deformation, and the fluid system in the Cingoli
Anticline during the Apennine contraction in eastern UMAR.

2. Geological Setting

2.1. The Umbria Marche Apennine Ridge (UMAR)

The Apennines fold-and-thrust belt extends from the Po Plain to the Calabrian Arc
over a distance of 1500 km, and it is the result of the Eurasian and African Plates conver-
gence [72,73]. The Apennine belt accommodated significant orogenic contraction, estimated
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up to 50% through cross section balancing [74], and recorded shortening rates ranging from
6 mm/year up to 15-50 mm/year [74,75]. From a structural point of view, the Apennine
belt is characterized by a succession of asymmetrical anticlines with eastward vergence,
separated by narrower and often asymmetrical synclines. The Apennines are commonly
divided into two main arcs, the Northern and the Southern Apennines arcs, each associated
with its own geological and structural characteristics [76–78]. Moreover, this curved belt,
with eastward convexity, is increasingly younger from west to east (from Oligocene to Pleis-
tocene; [72,79]). This is the result of a roughly eastward migration of the deformation front
(and its associated successive foredeep basin), which is related to the eastward retreating
subduction of the Adriatic Plate under the European Plate, superimposed by post-orogenic
extension at the rear of the propagating orogenic belt [29,72,80,81].

The UMAR represents the central-southern part of the Northern Apennines arc devel-
oped during late Miocene-Pliocene when the area was involved in the Apennines build-up.
It is about 450 km long and rises to over 2000 m above sea level [75]. The sedimentary
succession observed in the UMAR can be divided into three main units as follows: (i) Up-
per Triassic evaporites, the thickness of which is estimated at 1000 m before deformations
and considered as a décollement level. They unconformably overlie crystalline rocks of
the basement, which is barely or not even observable at the outcrop [72]; (ii) the Umbria-
Marche carbonate-dominated succession (~2500 m thick), divided in several formations
deposited from the earliest Jurassic to Oligocene [72,82–84]; (iii) Miocene hemipelagites and
turbidites, deposited above these carbonate rocks, which record the progressive eastward
involvement of the Meso-Cenozoic succession into the fold-and-thrust belt [62,85]. Indeed,
during the foredeep stage, more than 3000 m of turbidites were deposited ahead of the
advancing fold-and-thrust belt.

Both thick- and thin-skinned structural styles of deformation have been proposed for
the Apennines. The thin-skinned interpretation considers a disharmonic deformation of
the crust with the sedimentary units detached along the Triassic evaporites [86–88]. The
thin-skinned model is opposed to the thick-skinned which considers the involvement of
the basement during compressional deformation (e.g., [89]) Furthermore, several studies
suggest that many thrusts are rooted on inherited pre-orogenic structures, mostly pre-
existing normal faults formed either during the evolution of the Mesozoic passive margin
or during the foreland flexure [90–96].

The UMAR undergoes the following main stages of regional deformation: (i) the
forebulge stage consisting of the foreland flexuring [8], dated from late Oligocene-early
Miocene in the western part of the ridge (i.e., eastern Tuscany-Monte Nero) and from
middle Miocene in the eastern part of the ridge (i.e., Gubbio, San Vicino, and Cingoli
areas) [79]; (ii) the LPS event, a pre/early-folding compressional stage NE-SW-oriented
related to the Apenninic contraction [66,97–99], occurred by early Miocene to the west,
and by middle Pliocene to the east [79]; (iii) the folding stage, started by early Miocene
in the western part of the UMAR, and by middle Miocene in the eastern part. This stage
is characterized by a maximum stress trending parallel to regional shortening, i.e., NE-
SW-oriented [29], and local extension perpendicular to fold axis and associated with strata
curvature at fold hinge [60]; (iv) the LSFT, associated with a NE-SW contractional trend.
This stage corresponds to the moment when shortening is no longer accommodated, by
e.g., limb rotation [60]; (v) a post-orogenic extension, starting by Miocene times in the
western UMAR [99] and by early Pliocene times in the eastern part of the ridge [62,63],
and continuing today. This extensional stage is associated with NNW-SSE trending related
normal faults causing the downfaulting of the fold succession [86,99,100].

2.2. The Cingoli Anticline
2.2.1. Structural Pattern

The Cingoli Anticline is located in the eastern part of the UMAR along the footwall of
the Sibillini Mountains (Figure 1A). This anticline is characterized by an arcuate geometry;
its main NW-SE axis evolves toward a N-S orientation in its southern part; it is characterized
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by gently dipping limbs and its hinge is relatively flat. The fold has a spatial extension
of about 15 km from north to south, and about 5 km from west to east and it culminates
~400 m above the local land (770 m above sea level). An WNW-ESE oriented left-lateral
fault and a NNE-SSW oriented right-lateral fault bound the Cingoli Anticline to the north
and south, respectively (Figure 1A). In addition, [101] and [63] suggest that inherited
pre-contractional structures striking ~N-S (i.e., the Jurassic rifting and the late Miocene
foreland flexure) strongly controlled the subsequent contractional tectonic evolution of the
area (Figure 1A,C).

Monte San Vicino Anticline

Aliforni Syncline
Cingoli Anticline

0 1 2 3 4 5 km

0

1

2

3

4 km

NE

A'

0

1

2

3

SW

A

Middle-Early Pliocene deposits

km 4

Colombacci Fm. and post-evaporitic turbidites
(Late Messinian)
Gessoso-solfifera Gp. and pre-evaporitic turbidites
(Middle-Early Messinian)
Schlier, Bisciaro, Scaglia Cinerea and Variegata fms. 
(Early Messinian - Eocene)
Eocene- Early Jurassic carbonate formations
Calcare Massiccio 
(Early Jurassic)
Anidridi di Burano
(Upper Triassic)

Thrust faults

Miocene normal faults

Jurassic normal faults

JU
R

A
SS

IC
C

R
ET

A
C

EO
U

S
PA

LE
O

G
EN

E
N

EO
G

EN
E

Li
as

si
c

D
og

ge
r

M
al

m
Lo

w
er

U
pp

er
P

al
eo

ce
ne

E
oc

en
e

O
lig

oc
en

e
M

io
ce

ne
P

lio
ce

ne

Calcare Massiccio (> 500 m)

Corniola (> 500 m)

Rosso Ammonitico (10 m)
Calcari e Marne a Posidonia (50 m)

Calcari Diasprigni (150 m)

Maiolica (300 m)

Marne a Fucoidi (50 m)

Scaglia Bianca (60-70 m)

Scaglia Rossa (300 m)

Scaglia Variegata (25 m)

Scaglia Cinerea (130 m)

Bisciaro (60 m)

Schlier (225 m)

Laga Fm. (< 1000 m)

Argille Azzurre (500-1000 m)

Marly limestones & sandstones 

Limestones

Limestones w/ cherts

Limestones & dolostones Marly limestones

Evaporites

Limestones & marls 
alternation w/ turbidites

TR
IA

SS
IC

U
pp

er

Anidridi di Burano 

B

B

B

B: Bugarone
Gp.

Rosso Ammonitico

Calcari e Marne a Posidonia 

Calcari Diasprigni 

Maiolica 

Marne a Fucoidi 

Scaglia Bianca 

Scaglia Rossa 

Scaglia Variegata 

Scaglia Cinerea 

Schlier 

Bisciaro 

Gessoso-Solfifera Gp.

San Donato fm.

Laga fm.

Colombacci Fm.

Argille Azzurre 

Normal faults
Inverted faults
Main thrusts 

Sampling and measurement 
sites
Measurement sites

LEGEND

Calcare Massiccio 

Bugarone Gp.

Corniola 

43°14’56.46’’N

43°26’52.37’’N

43°19’57.56’’N

43°24’58.90’’N

13°08’32.55’’E 13°12’16.55’’E 13°16’03.18’’E

N

A’

A

BA

C

2 km

Figure 1. (A) Location and simplified geological map of the Cingoli Anticline. Red points represent the sampling sites for
sedimentary stylolites analysis, and black points represent the measurement sites. (B) Stratigraphic column, not to scale, of
the Umbria-Marche area, with thicknesses valid for the Cingoli Anticline area (modified from [61]). (C) SW-NE geological
cross section through the northern part of the Cingoli Anticline [63].
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2.2.2. Sedimentary Succession

Where not specified, the lithostratigraphic units described below are traditional and
validated units [102], and correspond with formation-rank units.

The deformed units comprise Mesozoic and Cenozoic marine deposits, consisting of
evaporites and platform carbonates at the base overlain by pelagic carbonates [63,64,101,103]
(Figure 1B). The succession comprises:

(1) Upper Triassic anhydrites and dolostones, grouped in the Anidridi di Burano, un-
conformably deposited above the continental deposits of the Verrucano and the
Hercynian basement; at the top of the Anidridi di Burano, euxinic interstratified marls
are present.

(2) The Calcare Massiccio, formed by massive peridital limestones dated from Hettangian
to Sinemurian (ca. 201–191 Ma).

(3) Four main Jurassic formations: (i) the Corniola, limestones with cherts beds (early
Sinemurian–early Toarcian, ca. 199–183 Ma); (ii) the Rosso Ammonitico, nodular
marly limestones dated Toarcian (ca. 183–174 Ma); (iii) the marls and cherty limestones
of the Calcari e Marne a Posidonia (late Toarcian-early Bajocian, ca. 174–170 Ma);
(iv) the Calcari Diasprigni, dominated by radiolarian-rich cherty limestones and
cherts and, on top, by micritic limestones and marls bearing abundant Saccocoma
sp. fragments (late Bajocian-early Tithonian, ca. 170–152 Ma). Because of the horst
and graben structures related to the Jurassic extensional tectonics, these deposits
accumulated in the hanging wall basins forming thick (hundreds of meters) “basi-
nal” successions, while thin (up to few tens of meters), fossil-rich and condensed
successions (Bugarone Group) accumulated on top of footwall blocks of Jurassic
faults during the same time span (i.e., from early Pliensbachian to early Tithonian;
ca. 191–152 Ma) [82,83,104–106].

(4) The Maiolica, micritic limestones associated with chert beds (Tithonian–earliest Ap-
tian, ca. 152–124 Ma).

(5) Shales and marls of the Marne a Fucoidi (Aptian-Albian, ca. 124–100 Ma).
(6) The “Scaglia” group is composed of micritic limestones with cherts intercalations

(late Aptian-Aquitanian, ca. 113–21 Ma), and divided into four formations: (i) the
Scaglia Bianca (Cenomanian-earliest Turonian, ca. 100–94 Ma); (ii) the Scaglia Rossa
(earliest Turonian-Lutetian, ca. 94–41 Ma), subdivided into three members; (iii) the
Scaglia Variegata (Lutetian-Priabonian, ca. 48–34 Ma) and (iv) the Scaglia Cinerea
(Rupelian-earliest Aquitanian, ca. 34–22 Ma).

(7) Bisciaro (Aquitanian-Burdigalian, ca. 22–16 Ma) and Schlier (Langhian-Tortonian, ca.
16–7 Ma) formations, hemipelagic limestones, marly limestones and marls.

(8) Siliciclastic foredeep deposits, grouped in two major sequences: (i) Messinian arenitic
and pelitic turbidites (ca. 7–5 Ma), composed by the Laga formation and the Gessoso-
Solfifera Group with the San Donato and Colombacci formations; (ii) arenites, pelites
and fossiliferous marine clays and marls of the Argille Azzure, early to middle
Pliocene in age (ca. 5–3 Ma). In this area, the Messinian and Pliocene deposits are
continuous and widespread, and provide an almost complete record of the deforma-
tion history of the ridge’s outer domains. In particular, growth strata observed in the
San Donato and Colombacci formations within the Aliforni Syncline postdate flexural
turbidites of the Laga formation, consequently broadly constraining fold growth to
late Messinian-Zanclean (ca. 6–4 Ma) [62,63].

3. Materials and Methods

3.1. Fracture-Stylolite Network Characterization and Striated Fault Planes Analysis

The structural data collection and sampling sites are distributed along the whole
anticline (Figure 1). The characterization of the fracture-stylolite network is based on field
observations and measurements and analyses of joints, veins, striated faults, and tectonic
stylolites. The dataset comprises more than 2300 orientations of mesostructures from the
Cingoli Anticline. Furthermore, abutment and crosscutting relationships were carefully
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observed and analysed to establish the relative chronology of fracture sets. Fracture
orientation data were projected on Schmidt stereodiagrams (lower hemisphere), in the
current attitude of the strata (raw) and after unfolding (unfolded). In addition, the major
sets of joints and/or veins (i.e., the most documented and representative at fold scale) were
grouped and averaged by a Fisher statistical analysis, based on the following assumptions:
(i) similar orientation considering natural variability (i.e., within 20◦); (ii) deformation
mode (e.g., opening, shearing, contraction), defined through thin sections observed with
optical microscope; and (iii) chronological relationships.

Considering that stylolite peaks grow parallel to the main shortening direction [107],
with respect to the distribution of dissolution gradients (i.e., non-soluble particles) [108],
the orientation of the horizontal maximum principal stress (σ1) was inferred from the
maximum density of the peak orientation of tectonic stylolites. The early, syn-, and late
folding sets of mesostructures were discriminated with the OpenStereo software [109].
Data were corrected for bedding attitude, by rotation about a horizontal axis to remove
the dip angle of the strata, in order to investigate the relationships between fracturing
and folding. Thus, fractures were grouped according to their geographical and structural
position (respectively north/south and forelimb/backlimb), and according to the main
stages of deformation.

Approximately 40 mesoscale striated faults were also measured to complement this
mesostructural analysis, in 3 sites of measurements located in the northern and southern
ends of the anticline. We used Angelier’s inversion technique [110] which, under specific
assumptions [111], allowed us to calculate paleostress orientations (i.e., local trend and
plunge of principal stress axes) and stress ratios for each site of measurement.

3.2. Rock Mechanical Properties

To calculate the mechanical properties of the studied rocks, we used the Schmidt
rebound hammer technique, which is a non-destructive method used for the estimation
of the uniaxial compressive strength and Young modulus of concrete and natural rocks
(e.g., [112]). It implies the use of a spring-loaded piston (the Schmidt hammer), pressed
orthogonally against a surface of rock. The energy created by the resistance of the surface
to the impact enables the piston to rebound. The distance traveled by the piston after the
rebound is called the rebound value R, which is considered to be a proxy of the surface
hardness [112], itself used to quantify uniaxial compressive strength and Young modulus
of the rock [113]. A Silver Schmidt OS8200 (manufactured by PROCEQ) was used on
12 sites in various localities and sedimentary units of the fold. Each site consists of 50 to
90 rebounds performed perpendicularly to the surface, in most case lying flat (i.e., the
hammer being vertical), from which rebound values were averaged as a single rebound
value valid for the site. In order to ensure that this value is free from any outlier due to local
heterogeneity, we calculated a moving average incremental mean until the mean rebound
value stabilizes (supplementary material, Figure S1, Table S1).

3.3. Sedimentary Stylolite Roughness Inversion

Sedimentary stylolites are pressure-solution surfaces usually developed parallel to
bedding in sub-horizontal strata during burial, i.e., when σ1 was vertical. They are fre-
quently observed in sedimentary rocks, and especially in carbonates. The 1D roughness of
a track along these dissolution surfaces, i.e., the difference in height between two points
along the track (sensu [53]), results from a competition between two forces [53]: (i) rough-
ening forces, i.e., pinning on non-soluble particles in the rocks, and (ii) smoothing forces,
associated with the surface energy at scale <1 mm and the elastic energy at scale >1 mm.
Two main scaling regimes are discriminated by the stylolite growth model [56,107,108,114]
depending on the predominant energy and the associated Hurst exponent (i.e., roughness
exponent): the surface energy-controlled scale, characterized by a steep-slope and a rough-
ness exponent of 1.1 ± 0.1, and the elastic energy-controlled scale, associated with a gentle
slope and a Hurst exponent between 0.5 and 0.6. At the transition of these scale regimes,
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the change in roughness exponent is associated with a crossover length, estimated in mm
by the signal processing approach. The authors in [53] directly link this crossover length Lc
to the magnitude of prevalent mean stress σm and differential stress σd in the strata at the
time the stylolite stopped to be an active dissolution surface, with Equation (1):

Lc =
γE

βσmσd
(1)

where Lc is the crossover length converted to m, E the Young modulus of the rock (in Pa),
γ is the solid-fluid interfacial energy (in J·m−2), and β a dimensionless constant depending
on the Poisson ratio (ν) and calculated with the relation:

β =
ν(1 − 2ν)

π
(2)

The mean stress and the differential stress, are defined in Pa according to the
Equations (3) and (4):

σm =
σ1+σ2+σ3

3
(3)

σd= σ1−σ3 (4)

Several studies successfully applied this approach, establishing the spectral analysis of the
roughness of sedimentary stylolites as a robust paleopiezometry tool [54,57,59,60,108,115–118],
especially because the final roughness is acquired quickly at the end of the stylolite’s growth,
thus depends only on stress and no longer on strain rate [108].

More than 100 sedimentary stylolites, with peaks perpendicular to the dissolution
plane, were sampled in several localities of the Cingoli Anticline (Figure 1A) in the Maiolica,
Scaglia Rossa, and Scaglia Variegata. The samples were cut and polished to better analyze
the stylolite track. Each cut was made perpendicular to the plane of the stylolite and
scanned with a resolution of 12,800 pixels per inches; the resulting file is an image on
which the 1D track was hand drawn at magnifications 200% and 400% for greater precision.
Then, each track was analyzed as a periodic signal. Usual analyses involve the Fourier
Power Spectrum (FPS) and Average Wavelet Coefficient (AWC) methods [115]. We chose
the method of Average Wavelet spectrum with Daubechies D4 wavelets [115,119], which
is proven to be more stable and less sensitive to resolution effects. We used a non-linear
regression with fixed Hurst coefficients of 0.5 and 1.1, corresponding to elastic and surface
regimes, respectively (please refer to supplementary material, Figure S2, for the plots). The
uncertainty for this regression approach to estimate Lc has been previously estimated to
23% [57]. To calculate the vertical stress magnitude, the horizontal stress was then consid-
ered as isotropic (i.e., uniaxial strain hypothesis, σv> σh = σH) in the case of sedimentary
stylolites. Thus, the Equation (1) established by [53] is simplified as:

σv
2 =

γE
αLc

(5)

α being a constant defined as follows:

α =
(1 − 2ν)(1 + ν)2

30π(1 − ν)2 (6)

To verify this assumption, sections perpendicular to the stylolite plane were cut for
several samples and treated following the same inversion method, the isotropy of the
horizontal stress implying a constant value of the crossover length regardless of the track
direction [53,115].

While the solid-fluid interfacial energy γ is well-known and stable, fixed to 0.24 J·m−2

for dolomite and of 0.32 J·m−2 for calcite [120], and while the Poisson ratio ν is rather stable
in carbonates and can be approximated to 0.25 ± 0.05, a major source of uncertainty lies in
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the values of the Young modulus E [57,121]. With known E, ν, and γ, the uncertainty on the
calculated stress is 12% [57]. As in previous works [57,60,117,118] the calculated vertical
stress σv = σ1 was translated directly into the burial depth (z) of rocks using the relation

σv = �gz (7)

with ρ the average dry density of overlying rocks and g the gravity acceleration. Indeed,
the stylolite roughness can be considered as unaffected by local fluid overpressure because
the dissolution is located along a fluidic film [56,108,116], an assumption that remains valid
until the system is fluidized [122]. For this reasons, ρ was considered as the average dry
rock density for clastic and carbonate sediments (evaluated mean value at 2400 kg·m−3),
without any additional assumption on the past thermal gradient or fluid pressure [7], and
g the gravity acceleration, fixed at 9.8 m·s−2.

3.4. O-C Stable Isotopes

The analysis of stable oxygen and carbon isotopes, associated with the study of the
diagenetic state of the rocks, allows for the identification and characterization of fluid gener-
ations at the origin of mineralization and vein filling within sedimentary rocks [20,123–129].
We focus hereinafter on the calcite cements filling the tectonic veins related either to LPS
or to strata curvature at fold hinges. The mineralogy of some host-rock was checked with
X-ray diffraction (supplementary material, Figure S3) using a Bruker D2 Phaser diffrac-
tometer from the ISTeP laboratory (Sorbonne Université) with X-Ray wavelength of 1.54056
Å. The resulting X-ray patterns showing mostly pure calcite with minor amounts of quartz.
The diagenetic state of calcite veins was checked under cathodoluminescence microscopy
and were performed on a cold cathode Cathodyne platform (CITL CCL 8200 Mk4) at stable
vacuum of 60 mThor, a voltage of 12 kV, and a current of 200 μA, corresponding to the
ideal voltage-current conditions to activate the luminescence of the carbonates.

We selected vein cements where the vein texture [130] and the diagenetic state support
a single phase of filling, occurring at the same time or soon after fracture development
(e.g., elongated blocky, Figure 2).

The isotope ratios of oxygen (18O/16O) and carbon (13C/12C) of samples collected in
several localities of the Cingoli Anticline were obtained by Isotope-Ratio Mass Spectrometry
(IRMS). The spectrometric equipment couples an automatic sample preparation line (KIEL
IV) and an analysis section (DELTA V advantage) from Thermo Fisher Scientific at the ISTeP
laboratory (Paris). We first selected veins of which (i) the cement witnessed a single growth
step, unaltered by later diagenetic events, checked with cathodoluminescence microscopy;
and (ii) the cement was likely related to vein opening, considering antitaxial or elongated
blocky textures [130]. Thirty (30) to 50 μg of powder were sampled from the vein and the
surrounding host-rocks as well, using a computer assisted micromill drill. The powder was
reacted with anhydrous orthophosphoric acid at 70 ◦C to extract CO2 gas, itself ionized
in the spectrometer. The measured isotopic ratio reported in permil relative to the Vienna
Pee Dee Belemnite (‰VPDB) are with an accuracy of 0.05‰ and 0.1‰ for carbon and
oxygen, respectively.

3.5. Carbonate Clumped-Isotope Paleothermometry (Δ47)

All analyses were performed at the Laboratoire des Sciences du Climat et de l’Environ-
nement (LSCE, Gif sur Yvette). Eight samples of homogenized carbonate powder were
converted to CO2 by anhydrous phosphoric acid reaction at 90 ◦C in a common, stirred
acid bath for 15 minutes. Initial phosphoric acid concentration was 103% (1.91 g/cm3)
and each batch of acid was used for 7 days. After the cryogenic removal of the water, the
evolved CO2 was helium-flushed at 25 mL/mn through a purification column packed with
Porapak Q (50/80 mesh, 1 m length, 2.1 mm ID) and held at −20 ◦C, and then quantitatively
recollected by cryogenic trapping and transferred into an Isoprime 100 dual-inlet mass
spectrometer equipped with six Faraday collectors (m/z 44–49). Each analysis took about
2.5 hours, during which the analyte gas and working reference gas were allowed to flow
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from matching, 10 mL reservoirs into the Nier-type ion source through deactivated fused
silica capillaries (65 cm length, 110 μm ID). Every 20 minutes, gas pressures were adjusted
to achieve m/z = 44 current of 80 nA, with differences between analyte gas and working
gas generally below 0.1 nA. Pressure-dependent background current corrections were
measured 12 times for each analysis. All background measurements from a given analytical
session are then used to determine a mass-specific relationship linking background intensity
(Zm), total m/z = 44 intensity (I44), and time (t):

Zm = a + bI44 + ct + dt2 (8)

Background-corrected ion current ratios (δ45 to δ49) were converted to δ13C, δ18O, and
“raw” Δ47 values as described by [131], using the IUPAC oxygen-17 correction parameters.
The isotopic composition (δ13C, δ18O) of our working reference gas was computed based
on the nominal isotopic composition of carbonate standard ETH–3 [132] and an oxygen-18
acid fractionation factor of 1.00813 [133]. Raw Δ47 values were then converted to the
“absolute” Δ47 reference frame defined by the “ETH” carbonate standards [132] using
regression methods detailed by [134]. Full analytical errors are derived from the external
reproducibility of unknowns and standards (Nf = 78) and conservatively account for the
uncertainties in raw Δ47 measurements as well as those associated with the conversion to
the “absolute” Δ47 reference frame. The precipitation temperature was calculated using the
calibration proposed by [135] and updated by [132].

3.6. Burial Model

The burial model associated with the Cingoli Anticline area was constructed from the
open access well data collection of the ViDEPI project selected around the Cingoli Anticline
(i.e., Misa1, Rosora1, Burano1, Treia1 wells). Thicknesses were sequentially uncompacted
to obtain burial depths of the strata of interest through time. Two kinds of corrections were
therefore applied, considering the effects of both physical and chemical compaction. The
computer interface used to produce these burial curves is the Backstrip software, which
performs 1D backstripping of sedimentary strata [136] and involves several parameters
for modeling.

First, the layer thicknesses were corrected for chemical compaction, in order to be
referenced in the software. Thickness information was provided by stratigraphic studies or
well data (i.e., current formation thicknesses). In this case, thicknesses were corrected for
chemical compaction, considering spacing and amplitudes of bedding-parallel stylolites
(BPS) for each formation studied. The average number of sedimentary stylolites per meter
was estimated from outcrop data. The height of the highest tooth (i.e., the height from
tooth to base line) associated with each analyzed stylolite was also computed from the
samples. Chemical compaction was then deduced from these two parameters, calculated
as their product, and expressed as a percentage of bed thickness.

The second step consisted of defining parameters needed to evaluate physical com-
paction undergone by the different layers, related to the weight of the sedimentary column
and possibly of the water column (according to the type of basin considered). These
parameters, such as the dry density ρ and the porosity coefficient c, were defined on the
basis of the work by [137,138], as follows: (i) the dry density ρ was chosen at 2700 kg/m3

for carbonate rocks and 1800 kg/m3 for other lithologies; (ii) the porosity coefficient c
was calculated with the following equations and the porosity-depth curves established
by [137,138]. Φ is the porosity at depth y, while Φ0 the surface porosity, both given by
the curves.

Φ = Φ0e−cy with c =
1
y

ln
(

Φ
Φ0

)
(9)

Thus, c is equal to 0.58 for carbonate rocks and to 0.3 for other lithologies. Corrections
related to the weight of sediments and water being significantly different [137,138], the
type of basin was also defined (0 for a marine basin, 1 for a continental basin), in order not
to introduce bias into the resulting burial curves.
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4. Results

4.1. Fracture-Stylolite Network Characterization and Striated Fault Planes Analysis

The fracture deformation mode was defined through thin sections observed with
optical microscope, either by considering the texture (i.e., elongate blocky or crack-seal), or
the object shift in the matrix (Figure 2).

Figure 2. Observation of the different types of fractures in optical microscopy. (A) N-S fractures, (B) N045 fractures and (C)
N135-160 fractures. Textures and shifts in the matrix were characterized, in order to verify the deformation mode, based on
the classification of [130]. Red arrows represent the direction of the opening (mode I), and green arrows the direction of
calcite crystal growth. (D–F) observation of these different sets in cathodoluminescence, indicating a single crystallization
phase, synchronous with the mode I opening.

Three major sets of fractures were discriminated on the basis of their average orienta-
tion (Figures 3 and 4A,B) whereas their chronological sequence was established through
abutment and crosscutting relationships at different scales (from outcrop to thin section):

- set I gathers bedding-perpendicular joints oriented N180 to N020 (after unfolding).
This set is observed over the entire anticline, predates sets II and III, because it is
intersected and abutted by a set of stylolites with peaks oriented N045, which are
themselves intersected and abutted by the joints/veins of set II (Figure 4C).

- set II gathers joints and veins with N045 ± 10◦ orientation, present throughout the
study area. They are perpendicular to bedding strike. This set postdates set I and
predates set III.

- set III comprises bedding-perpendicular N130 to N160-oriented joints parallel to bed-
ding strike (i.e., N135-140 in the North and N160 in the South). They are mainly paral-
lel to the axis of the anticline and crosscut or abut all other joint/vein sets (Figure 4C).

- another set of E-W fractures, poorly represented at the scale of the anticline (i.e., only
in the northern part, in three sites of measurements), includes N070 to N110-oriented
joints (after unfolding) and perpendicular to the bedding, developed after set II.
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Because of the low number of measurements (i.e., 25 of 3000 fractures analyzed) and
because they systematically developed near faults (Figure 3), this family of fractures is
considered as minor and of local meaning only, and therefore not affiliated to a major
set. Consequently, it will not be interpreted thereafter.
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Figure 3. Location of fracture planes measured on the geological map (GPS locations are provided in the supplementary
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Figure 4. Main fractures orientations (after unfolding) plotted on histograms, stereograms and rose diagrams for (A) the
whole anticline and (B) northern and southern parts of the anticline, discriminating forelimb and backlimb measurements.
Three major sets of fractures discriminated according these orientations are represented with their specific color (green: set I,
blue: set II, pink: set III). (C) Chronological relationships between fractures and stylolites (i.e., abutment and crosscutting),
observed at mesoscopic scale.

Tectonic stylolite peaks are mostly oriented N045 (Figure 5). The continuous change in
dip of the stylolite plane from vertical to oblique suggests that part of the tectonic stylolites
developed before folding and other after folding. Few prefolding stylolites peaks are
oriented N140 (WP CIN 37 and WP CIN 27–28) in the Maiolica and Scaglia in the southern
backlimb, and N090 in Calcare Massiccio in the southern part of the anticline (WP CIN 12).

The inversion of striated faults for stress was carried out in few sites in the anti-
cline (Figure 5):

- in the northern backlimb, conjugate NW-SE trending reverse faults reveal a compres-
sional stress regime with a σ1 axis roughly oriented N045;

- in the northern forelimb, N170–180-oriented normal faults indicate either an exten-
sional regime with σ3 oriented N045, or, more likely correspond to tilted oblique-slip
reverse faults consistent with a pre-tilting N020 compression;

- in the southern backlimb, the few fault-slip data preclude any reliable stress tensor
calculation. The dataset is however consistent with a post-tilting σ1 oriented N045
and σ3 oriented N135.
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Figure 5. Location and plot of measured tectonic stylolites on the geological map. Each measurement point is associated
with two stereodiagrams (lower hemisphere), representing main orientations of tectonic stylolites peaks measured (current
and unfolded attitude). On each stereodiagram, the bedding is reported as dashed lines, and peaks orientation (i.e.,
σ1 orientation) is given by high pole density zones. Stereodiagrams with fault-slip data and principal stress axes are
also reported.

4.2. Young Modulus Estimate

Rock elastic properties were measured on flat homogeneous surfaces, for Maiolica,
Scaglia Rossa and Scaglia Variegata, corresponding to 12 sites of measurement (n = 1063).
For each site, the mean for rebound value R was represented as a function of the number
of rebound incorporated in the mean calculation (supplementary material, Figure S1,
Table S1); the stabilized R value (represented as a plateau on the graph) is then believed
to be corrected from heterogenous effect and outliers, and so represent the rebound value
R for the rock studied. Strikingly, the average of these representative R values is similar
in the Maiolica, Scaglia Rossa and Scaglia Variegata formations, with values of 45 ± 8.4,
48 ± 5.8 and 46 ± 8.5, respectively. R values were further interpreted as Young moduli
following the empiric relationship determined in [113] for sedimentary rocks and return a
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E value similar for the 3 formations at about 20 GPa, very similar to the one reconstructed
from stylolite inversion by [121] of 23 GPa.

4.3. Sedimentary Stylolite Roughness Inversion

The stylolite roughness inversion method was applied on 112 BPS sampled in the
northern, central and southern parts of the Cingoli Anticline (Figure 1A), within the
Cretaceous to Eocene carbonate formations. The inversion was successful (i.e., returning a
value of crossover length Lc) on 77 BPS covering the anticline and distributed as follows:
Maiolica (early Cretaceous, n = 56), Scaglia Rossa (late Cretaceous-early Eocene, n = 18) and
Scaglia Variegata (middle to late Eocene, n = 3). For several stylolites, this paleopiezometric
inversion was applied on two orthogonal tracks, in order to ensure that the stress on the
horizontal plane was isotropic. Lc values are summarized in Table 1, and reported as an
interval for each formation studied, considering an uncertainty of 23%:

- Maiolica: [0.27 ± 0.06; 1.76 ± 0.40] mm
- Scaglia Rossa: [0.36 ± 0.08; 1.17 ± 0.27] mm
- Scaglia Variegata: [0.75 ± 0.17; 1.75 ± 0.40] mm

Table 1. Results of stylolite roughness inversion, applied on bedding-parallel stylolites.

Sample GPS Formation Lc (mm) σv (MPa) * Depth (m)

CIN13 58 Maiolica 0.44 ± 0.10 34 1440
0.60 ± 0.14 29 1250
0.77 ± 0.18 26 1100
0.84 ± 0.19 24 1040
0.30 ± 0.07 41 1740
0.27 ± 0.06 43 1840
0.31 ± 0.07 40 1700

CIN14 59 Maiolica 0.34 ± 0.08 38 1630
0.63 ± 0.14 28 1200

CIN3 60 Maiolica 0.39 ± 0.09 36 1540
0.54 ± 0.12 30 1300
0.49 ± 0.11 32 1360

CIN6 60 Maiolica 0.54 ± 0.12 30 1300
0.36 ± 0.08 37 1550

CIN8 60 Maiolica 0.53 ± 0.12 30 1300
0.76 ± 0.17 26 1100

CIN9 60 Maiolica 0.39 ± 0.09 36 1540
CIN10 60 Maiolica 0.36 ± 0.08 37 1600

0.31 ± 0.07 40 1700
0.29 ± 0.07 42 1800

CIN15 61 Maiolica 0.49 ± 0.11 32 1360
0.84± 0.19 25 1040
0.38 ± 0.09 37 1550

CIN17 61 Maiolica 0.85 ± 0.20 25 1040
CIN18 61 Maiolica 0.45 ± 0.10 33 1400

0.91 ± 0.21 23 1000
1.09 ± 0.25 22 900

CIN33 64 Maiolica 0.73 ± 0.17 26 1100
1.08 ± 0.25 22 900
0.46 ± 0.11 33 1400
0.34 ± 0.08 38 1630

CIN38 64 Maiolica 0.53 ± 0.12 30 1300
0.55 ± 0.13 30 1300

CIN40 64 Maiolica 0.76 ± 0.17 26 1100
0.46 ± 0.11 33 1400
0.32 ± 0.07 40 1700
0.56 ± 0.13 30 1300
0.35 ± 0.08 38 1600
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Table 1. Cont.

Sample GPS Formation Lc (mm) σv (MPa) * Depth (m)

C3 WP_CIN3 Maiolica 1.76 ± 0.40 17 720
1.38 ± 0.32 19 810

C51 WP_CIN23 Maiolica 1.18 ± 0.27 21 880
0.67 ± 0.15 27 1150

C56 WP_CIN23 Maiolica 0.35 ± 0.08 38 1600
C67′ WP_CIN29 Maiolica 0.75 ± 0.17 26 1100

0.58 ± 0.13 29 1250
C68 WP_CIN29 Maiolica 0.33 ± 0.08 39 1650
C69 WP_CIN29 Maiolica 0.74 ± 0.17 26 1100

0.46 ± 0.11 33 1400
C70 WP_CIN29 Maiolica 0.35 ± 0.08 38 1600

0.34 ± 0.08 38 1600
C71 WP_CIN29 Maiolica 0.38 ± 0.09 36 1540
C72 WP_CIN29 Maiolica 0.50 ± 0.12 32 1350
C86 WP_CIN38 Maiolica 1.33 ± 0.31 20 850

0.39 ± 0.09 36 1540
0.43 ± 0.10 34 1450
1.11 ± 0.26 22 900

C79 WP_CIN36 Scaglia Rossa 0.38 ± 0.09 37 1550
C15 WP_CIN7 Scaglia Rossa 0.49 ± 0.11 32 1300

0.51 ± 0.12 32 1300
C87 WP_CIN8 Scaglia Rossa 1.17 ± 0.27 21 880

0.75 ± 0.17 26 1100
C21 WP_CIN9 Scaglia Rossa 0.59 ± 0.14 29 1250

0.68 ± 0.16 27 1150
0.45 ± 0.10 34 1420

C26 WP_CIN13 Scaglia Rossa 0.87 ± 0.20 24 1020
0.85 ± 0.20 24 1020
0.98 ± 0.23 23 960

C28 WP_CIN13 Scaglia Rossa 0.45 ± 0.10 33 1400
C29 WP_CIN13 Scaglia Rossa 0.63 ± 0.14 28 1200

0.64 ± 0.15 28 1200
0.84 ± 0.19 25 1040

C30 WP_CIN14 Scaglia Rossa 0.36 ± 0.08 38 1600
0.60 ± 0.14 29 1230
0.40 ± 0.09 35 1500

C2 WP_CIN2 Scaglia Variegata 0.75 ± 0.17 26 1100
1.26 ± 0.29 20 850
1.75 ± 0.40 17 720

∗ Crossover length given within 23% uncertainty. Vertical stress σv given within 12% uncertainty calculated according to Equation (5),
considering a Young modulus E = 23 GPa ([139], this study), a Poisson ratio ν = 0.25, and interfacial energy γ = 0.32 J·m−2. Depth calculated
using dry density of rock d = 2400 g·m−3, acceleration of gravity g = 9.81 m·s−2.
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4.4. Burial Model

The burial curves resulting from the backstripping process are presented in Figure 6.
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They were reconstructed for the Triassic to Pliocene formations in the Cingoli area,
considering: (i) the chemical compaction calculated at 8% for Maiolica, and 3% for Scaglia
Rossa and Scaglia Variegata considering spacing and amplitude of BPS (following [108]);
(ii) physical compaction by using the open-source software BackStrip [136]. The temper-
atures linked to these depths were calculated by considering a geothermal gradient of
23 ◦C·km-1 reconstructed in the outermost western part of the UMAR from organic matter
thermal maturity [65] and clay minerals [140] (Figure 6). These curves illustrate a first
phase of increasing burial, corresponding to the deepening of the Umbria-Marche basin
and a second phase of exhumation since early Pliocene. The maximum burial depths
computed for the formations of interest, and equivalent temperatures, can be deduced
from the left and right y-axis of Figure 6, respectively. These curves are consistent with
models established for the inner part of the belt in the area of the Monte Tancia thrust [71].

4.5. Oxygen and Carbon Stable Isotopes

Twenty-eight (28) vein calcite cements and surrounding calcite host-rocks from the
Scaglia Rossa were analyzed for δ18O and δ13C (Table 2, Figure 7).

Table 2. Results of Stable Isotopic Analyses of Oxygen and Carbon Isotopes.

Vein Host-Rock

Sample Set δ13C (‰VPDB) δ18O (‰VPDB) Calcite δ13C (‰VPDB) δ18O (‰VPDB) Calcite

CIN23-V1 I 2.04 2.19 2.15 −2.95
CIN23-V2 I 1.90 −0.44 2.15 −2.95
CIN23-V3 I 1.91 −1.56 2.15 −2.95
CIN23-V4 I 1.98 −0.68 2.15 −2.95
CIN25-V1 I 2.06 1.79 2.10 −2.27
CIN25-V2 I 2.06 −0.97 2.10 −2.27
CIN25-V3 I 2.08 2.07 2.10 −2.27
CIN39-V1 I 0.05 −0.74 1.08 −1.59
CIN39-V2 I 0.10 −0.30 1.08 −1.59
CIN39-V3 I 0.31 −0.66 1.08 −1.59
CIN7-V1 II 2.48 1.37 2.47 −1.68
CIN7-V2 II 2.97 2.09 2.47 −1.68

CIN28a-V1 II 2.07 1.21 2.01 −1.82
CIN28a-V2 II 1.81 0.58 2.01 −1.82
CIN28a-V3 II 1.95 2.22 2.01 −1.82
CIN26-V1 II 2.00 2.59 2.02 −1.74
CIN26-V2 II 1.95 2.34 2.02 −1.74
CIN26-V3 II 2.14 1.47 2.02 −1.74
CIN26-V4 II 2.05 1.38 2.02 −1.74

CIN28b-V1 II 2.08 2.20 2.03 −1.64
CIN28b-V2 II 1.98 1.68 2.03 −1.64

A13-V1 III 3.23 0.79 3.08 −1.45
A14-V1 III 3.21 0.21 2.89 −1.53
A14-V2 III 3.19 0.61 2.89 −1.53

CIN37-V1 III 1.39 −0.59 1.09 −1.55
CIN37-V2 III 1.25 0.46 1.09 −1.55
CIN37-V3 III 1.10 −1.12 1.09 −1.55
CIN37-V3 III 1.10 −1.12 1.09 −1.55
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umented in the UMAR from the Hettangian to Aquitanian carbonates, black dotted frame repre-
sents the range of isotopic values documented in tectonic related fracture fillings at the scale of
the range [60]. (B) δ13C values of vein cements versus δ13C values of the surrounding host rocks
(‰VPDB), according to the vein sets. (C) δ18O values of vein cements versus δ18O values of the
surrounding host rocks (‰VPDB), according to the vein sets. (D) Δ47CO2 measured temperature
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circle with red contour on D correspond to an LPS-related fault.
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In the host-rock (n = 11), the δ18O isotopic values range from −2.95 to −1.45‰VPDB
while the δ13C isotopic values range from 1.08 to 3.08‰VPDB. In the calcite veins (n = 28),
the δ18O isotopic values range from −1.56 to 2.59‰VPDB while the δ13C isotopic values
range from 0.05 to 3.23‰VPDB. The vein cements show variable isotopic values: for the set
I (N-S, n = 10), δ18O ratio ranges from −1.56 to 2.19‰VPDB while δ13C ratio ranges from
0.05 to 2.08‰VPDB; for the set II (N045, n = 11), δ18O ratio ranges from 0.58 to 2.59 ‰VPDB
while δ13C ratio ranges from 1.81 to 2.97‰VPDB; for the set III N140 (n = 7), δ18O ratio
ranges from −1.12 to 0.79‰VPDB while δ13C ratio ranges from 1.1 to 3.23‰VPDB; δ18O
ratio ranges from −1.57 to 1.93‰VPDB while δ13C ratio ranges from 2.02 to 2.21‰VPDB
(Table 2, Figure 7A). In order to account for possible rock buffering effect, the isotopic values
of the veins were plotted against isotopic values of the surrounding host-rock, for both
carbon (Figure 7B) and oxygen (Figure 7C). Results show that most veins have a δ13C value
similar to their host rock, with a difference ranging from −0.50 to 0.25‰VPDB in all sets
except in the set I where this difference reaches −1.05‰VPDB. Considering the difference
in δ18O values, the results are more scattered, ranging from −0.12 to 5.14‰VPDB. Notably,
the difference in the set II is higher than the one in the set III.

4.6. Carbonate Clumped-Isotope Paleothermometry (Δ47)

Eight of the 9 samples presented in the Supplementary Material were selected as being
unambiguously related to a major fracture set. Consequently, 7 samples of vein cements
and 1 sample of striated coating of fault plane were selected for Δ47 clumped isotope
measurements (Table 3), with Δ47 values ranging from 0.593 ± 0.006‰ to 0.630 ± 0.006‰,
(1SE) corresponding to precipitation temperature (T47) ranging from 38.30 ± 1.9 ◦C to
51.4 ± 2.2 ◦C (1SE). Veins belonging to different tectonic sets appear to yield distinct
temperatures of precipitation, with T47 ranging from 48.7 ± 2.1 ◦C to 51.4 ± 2.2 ◦C for the
set II (n = 5) and related fault cements, while vein cements from sets I and III have T47
ranging from 38.8 ± 2.0 ◦C to 45.1 ± 2.1 ◦C.

Table 3. Results of clumped isotope measurements, with Δ47 ratio and associated temperature of precipitation T47.

Sample N Set
δ13C

(‰ VPDB)
δ18O

(‰VPDB, Calcite)
Δ47

(‰, 1σ)
T47

(◦C ± 1σ)

NB_CIN23_V1 3 I 1.77 −0.40 0.6299 ± 0.0058 38.3 ± 1.9
NB_CIN25_V1prime 3 I 1.93 1.68 0.6006 ± 0.0058 48.7 ± 2.1

NB_CIN26_V1 3 II 1.92 2.13 0.5933 ± 0.0058 51.4 ± 2.2
NB_CIN28a_V1 3 II 1.73 −0.03 0.5968 ± 0.0057 50.0 ± 2.2
NB_CIN28b_V1 3 II 2.01 1.95 0.5944 ± 0.0058 51.0 ± 2.2

NB_CIN7_V1 3 II 2.44 0.86 0.6103 ± 0.0058 45.1 ± 2.1
NB_A14_V1 3 III 3.08 0.45 0.6283 ± 0.0058 38.8 ± 2.0

NB_CIN25_FAILLE 3 / 2.01 1.77 0.5985 ± 0.0058 49.4 ± 2.2

5. Interpretation of Results

5.1. Sequence of Mesostructures in Relation to Folding

The main stages of regional deformation, already described in the literature
[29,60–63,68,121,142], were associated with sets of fracture-stylolite network identified
in this domain of the UMAR.

Set I (N-S to N020-oriented fractures) is the oldest set encountered in the Cingoli
Anticline. Because of its orientation and opening mode, we propose to interpret it as an
along-strike joint set related to the flexure stage associated with forebulge development
(sensu [8]).

Vertical, bedding, and fold-axis perpendicular set II joints/veins, associated with early
folding stylolites with N045-oriented peaks likely reflects a stage of LPS with σ1 striking
perpendicular to the northern part of the UMAR structure axes. This is confirmed by
reverse faulting associated with a N045 σ1 after unfolding (Figure 5). Local complexities
are interpreted as resulting from LPS related stress perturbation, resulting in a slight local
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stress rotation in the vicinity of local heterogeneities such as inherited faults (Figure 3,
e.g., [23,143,144]). For instance, we interpret the N020 contraction in the northern part of
the fold as a local rotation around the WNW-ESE fault. We also consider that stylolites
with peaks-oriented E-W documented in the Calcare Massiccio relate to LPS perturbed by
the reactivation of N-S striking inherited normal fault.

The joints/veins of set III postdate those of set II (Figure 4C) and are bedding-
perpendicular and strike parallel to the local fold axis and bedding strike. We propose
to relate this set to the folding stage, reflecting outer-arc extension associated to strata
curvature at fold hinge. The ~20◦ variation of the orientation of this set between the north
and south of the fold (N140 in the northern part and N160 in the southern part, Figure 3
and Figure 4) is consistent with the arcuate shape of the fold and then strengthen this
interpretation.

Late folding, tectonic stylolites with horizontal peaks striking N045, along with post-
tilting strike-slip faults (Figure 5) are interpreted to be related to horizontal NE-SW con-
traction affecting the strata after the fold was locked, corresponding to LSFT [8,15].

Our results therefore demonstrate that the N045 compression prevailed during the
entire contractional history, i.e., from LPS to LSFT.

5.2. Evolution of the Burial Depth

The calculation of vertical stress involves the use of the following mechanical parame-
ters: (i) crossover lengths Lc values, calculated by considering an uncertainty of 23% and
reported in Table 1; (ii) mechanical and chemical parameters, defined in the literature and
given above (i.e., Young modulus E, Poisson ratio ν and the solid-fluid interfacial energy
γ). Then, the burial depths were calculated from each value of the vertical stress using
Equation (2) and rounded to the closest 10 m (Table 1). The corresponding depth ranges
for each formation are:

- Maiolica: from 720 ± 85 m to 1840 ± 220 m;
- Scaglia Rossa: from 880 ± 100 m to 1590 ± 190 m;
- Scaglia Variegata: from 720 ± 85 m to 1100 ± 130 m.

These ranges of burial depth correspond to the ranges of depth in which pressure
solution along sedimentary stylolites was active, i.e., at the time vertical shortening (σ1
vertical) was prevailing over horizontal shortening [60,145]. Figure 6 shows these ranges
of depth reported on the burial model for comparison. The inversion and modeling data
appear to be consistent as the maximum burial recorded by sedimentary stylolites never
exceeds the maximum depth of the formation they belong to (Figure 6). In addition, the
largest range of depths is associated with the Maiolica (i.e., the oldest formation); for
the Scaglia Rossa and Variegata, intervals are overall narrower, and the more recent the
formation, the narrower the depth range and the shallower the depth returned. In the case
of the Scaglia Variegata (i.e., the youngest), the maximum burial recorded by the stylolites
does not exceed 1200 m. Thus, BPS would not develop between 1200 and 1750 m, i.e., at
the maximum burial values associated with the Scaglia Variegata (Figure 6). However,
these data indicate that the burial was continuous from the Cretaceous to the late Miocene
until the maximum burial depths of the sedimentary layers studied were reached. The
reconstruction of the complete burial/exhumation history in relation to the deformation
stages requires the combination of these data with isotope analyses.

5.3. Fluid System

The fluid system in the Cingoli Anticline can be partially characterized using stable
O, C and clumped isotope dataset. The positive difference of isotopic values between
vein cements and related host-rock, being low to null for δ13C values (Figure 7B) yet
significant for δ18O values (Figure 7C), argues against rock buffered fluid precipitation as
well as diagenesis related to burial. Instead, it strongly suggests that cements precipitated
from local fluids originated from the studied sedimentary sequence (hence with identical
δ13C signature), with various but limited degrees of fluid-rock interaction likely related
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to migration, leading to an increase of the δ18O ratios. The Δ47 results complement and
support this interpretation as the combination of the temperature of precipitation T47 with
the δ18O value of the cement yields the δ18O values of the precipitating fluid (Figure 7D)
using the temperature dependent equation of fractionation of [141]. The reconstructed
δ18O values of the precipitating fluids range from 4.80 to 10.50‰ SMOW, irrespective of
the tectonic vein sets where fluids precipitated. Positive δ18O values points towards a more
or less evolved brine origin for the fluid, which is consistent with a scenario involving a
migration of Turonian-Lutetian marine fluids inside the host Scaglia Rossa and precipitating
at thermal equilibrium within the host. It is noteworthy that these characteristics of the
fluid system in the Cingoli Anticline are consistent with the fluid systems reconstructed in
most of the other folds and thrusts of the UMAR, except for the Subasio Anticline [60] and
Monte Tancia thrust [71]. Interestingly, our dataset does not document a rock buffering
of external fluids as interpreted in the Monte Tancia thrust (southern part of the UMAR)
by [71], and it does not reflect the late meteoric derived fluid infiltration documented there
and related to the currently active extensional tectonics. When considering the tectonic
vein sets, temperature of precipitation T47 differs significantly between set I, set II, and
set III, supporting the interpretation of a thermal equilibrium between local fluids and
the host rocks throughout the burial history. Moreover, the difference in δ18Ofluids values
between set II, related to LPS, and set III, related to local curvature of the strata at fold
hinge, suggest that the degree of lateral fluid-rock interaction was higher during LPS than
during folding, as is the case elsewhere [139].

6. Discussion

The results of mesostructural and isotopic analyses, together with inversion of the
roughness of the sedimentary stylolites for maximum burial depth, have been combined in
order to unravel the history of deformation in the Cingoli area. Moreover, because the fluid
system appears to be at thermal equilibrium during deformation and that each fracture set
has a specific T47 signature, it is possible to infer the timing of fracture development by
comparing the range of precipitation temperatures T47 measured in the vein cements from
each set with burial curves and maximum depths of active pressure-solution reconstructed
from inversion of stylolite roughness. The stages of deformation (Figure 8), together
with their absolute timing and sequence were therefore characterized, and compared
with existing data for this study area [60,71], as well as in other localities of the belt,
i.e., the anticlines of Monte Nero [121], Monte Catria [66] and Monte Conero [68]; the
ages determined using the isotopic data are given with an uncertainty of 0.2 Ma, due to
uncertainties on temperature (± 2 ◦C) (Figure 6):

(i) pre-contractional stage, marked by burial, vertical compaction and dissolution along
BPS recognized at the scale of the fold-and-thrust belt [60,61,66,68,121], under a
vertical σ1. It lasted until the early Messinian (ca. 6.4 Ma);

(ii) this pre-contractional stage is partly coeval with an E-W extension related to the
flexure of the Adriatic foreland [63,101], the onset of which is set to early Burdigalian
(ca. 21 Ma, as defined by the inflection point of the burial curves), and which ended
by middle Messinian (ca. 6.3 Ma, Figure 8). This E-W extension would be at the origin
of the development of a network of N-S fractures (set I). Pre-folding N-S striking
joints have already been described in this anticline [61], and in other anticlines, Monte
Nero [121] and Monte Catria [66], without being related to regional extension. In the
Conero anticline, however, [68] related a set of N-S, high angle to bedding, joints and
veins associated with normal faults to a flexural event. Further considerations provide
the existence of polyphase syndepositional normal faulting: the Barremian [146–148]
and late Cretaceous phases of stretching (e.g., [95,149,150], well known in the Umbria-
Marche-Sabina area, could have developed set I joints in the Maiolica and Scaglia
Rossa, as well as the development of stylolites in the Mesozoic rocks.

(iii) LPS stage, a pre/early-folding compressional stage with σ1 NE-SW-oriented related
to the Apenninic contraction [66,97–99]. The onset of this stage corresponds to the
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switch from formerly vertical to horizontal σ1, associated with a N045 compression
marked by the fractures and stylolites of set II. This stage of deformation is consistent
regionally as it has been documented in the Monte Nero [121], Conero [68], and Monte
Catria [66] anticlines, and identified in numerous folds of the UMAR [52,54]. Based
on T47 precipitation temperature and burial history, the LPS stage started since the
middle Messinian (ca. 6.3 Ma). It has been reported in other case studies that the
fold growth and associated underlying ramp activation is likely to be responsible for
the uplift we reconstructed ca. 5.8 Ma [60]. Thus, we consider the LPS stage to have
lasted from 6.3 Ma to 5.8 Ma;

(iv) fold growth stage, characterized by a compression parallel to regional shortening, i.e.,
NE-SW-oriented [29] and local extension perpendicular to fold axis and related with
strata curvature at fold hinge [60]. Based on the dating of the LPS, fold growth started
at 5.8 Ma yet the T47 points towards a related N135 striking joints/veins development
during the latest Neogene-early Pliocene (ca. 5.2 to 3.9 Ma, Figure 8). That difference
in timing suggests a 0.6 My long fault activity and strata tilting before curvature
became high enough to developed outer-arc extension fractures;

(v) LSFT, post-dating the fold growth stage and still associated with a NE-SW con-
tractional trend. At this stage shortening is no longer accommodated by e.g., limb
rotation [60] and is associated with tectonic stylolites with N045-oriented peaks. The
E-W fractures locally measured cannot be associated with this deformation stage,
because no consistent chronological relationships with the syn-folding fracture sets
were identified. Isotopic analyses (Figure 8) suggest the onset of the LSFT by the
Pliocene (ca. 3.9 Ma). Despite the record of recent seismic activity in this northern
part of the Apennines, linked to a post-orogenic NE-SW extension [151], the end of
this deformation stage can precisely be determined neither from previous studies
carried out in Cingoli [61] nor from data collected during this study.

This deformation scenario is in line to the one proposed by [61], that discriminates
seven sets of stylolites, of which complexity can be related to more local effect of the
fold evolution.

The fold growth duration in Cingoli as constrained by the above results (ca. 1.9 My,
from 5.8 to 3.9 Ma) is consistent with that established by [62] using the age of foredeep de-
posits. The age of the end of the foreland flexure, evaluated at ca. 6.3 Ma in our study, is also
consistent within uncertainties with the early Messinian age (ca. 7.2–6.5 Ma) derived from
the sedimentary dating of the flexure-related normal faults [63,64]. The abrupt increase in
the slope of the burial curves (Figure 6) likely reflects the initiation of this flexure at about
21 Ma, which is older than the late Burdigalian (ca. 16 Ma) age previously proposed on the
basis of the distribution and variations in thickness of the Schlier (Aquitanian-Serravallian)
marking the deepening of the basin [63], and older than Serravallian (ca. 13.8 Ma) proposed
at the west of the Cingoli Anticline, in the western part of the belt [79]. The horizontal
isotropy of the compaction-related sedimentary stylolites, along which dissolution was
active until 7 Ma, however, suggests a very limited imprint of the flexure on the magnitude
of the horizontal stresses in the Cretaceous-Paleogene rocks until the early Messinian, when
the flexure became important enough to cause fractures and large-scale normal faults [63].

The folding duration, estimated in our work at ~2 My (from 5.8 to 3.9 Ma) is consistent
with the results of previous studies carried out in the more internal areas of the belt, using
absolute dating methods to reconstruct the duration and timing of the deformations [60,71]:
the difference in timing is in line with [62], and the duration of the folding is consistent
with [60,71], which respectively dated the folding from 8 to 5 Ma [60], and from 9 to 7 Ma [71]
(i.e., a duration of 2 to 3 My).

This case study illustrates the potential of the combination of mesostructural, pale-
opiezometric, and isotopic analyses, which reveals a regionally consistent sequence and
timing of deformation stages, despite multiple sources of uncertainties. Namely, the re-
fining of the timing of the flexure expression on the sedimentary reservoir is an example
of how the study of mesostructures can provide insights on the large-scale structures.
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Another example of such upscaling lies in the interpretation of the arcuate shape of the
Cingoli Anticline, that the distribution and timing of LPS related veins (set II) bounds to be
a primary feature of the fold development, likely linked to the reactivation of an inherited
N-S normal fault during folding (Figure 8).
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Figure 8. Interpretative model of the history of deformation in the Cingoli Anticline. The structural evolution of the area is
represented in 3D and in map view. For each stage of deformation, the main principal stress σ1 is represented as red arrows,
as well as the associated mesostructures (green: set I, blue: set II, pink: set III) and burial depths recorded by the Scaglia
Rossa (deduced from burial curves). Faults are represented by red lines in map view, dotted lines when inactive, and solid
lines when active. The inherited normal fault is also represented on the 3D block, by a red plane in transparency when it
is inactive.

7. Conclusions

This work, focused on the Cingoli Anticline in eastern UMAR, shows how the burial-
deformation history of folded rocks can be unraveled using an original combination of
ubiquitous features of carbonate rocks: fracture analysis, BPS paleopiezometry and vein
cement geochemistry. The main conclusions are:

- different stages of deformation were recognized: (i) E-W extension related to foreland
flexure (σ1 vertical); (ii) N045 oriented LPS; (iii) fold growth; (iv) LSFT, under a
horizontal N045 contraction. Mesostructural analyses also support that the arcuate
geometry of the Cingoli Anticline is a primary feature, probably linked to the oblique
reactivation of a N-S inherited normal fault.

- the burial history of strata was reconstructed with high resolution using roughness
inversion applied to sedimentary stylolites. Our results highlight that this paleopiezo-
metric technique yields consistent maximum depth estimates down to 2500 m, in
agreement with previous studies in the western part of the UMAR.

- the timing of deformation, and particularly the duration of the Apenninic contractional
stages, was reconstructed from combined paleopiezometric, isotopic and mesostruc-
tral data. Following foreland flexure (ca. 21.2 to 6.3 Ma), LPS was dated from middle
Messinian to early Pliocene (ca. 6.3 to 5.8 Ma) and fold growth occurred between early
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and middle Pliocene (ca. 5.8 to 3.9 Ma). The precise duration of LSFT remains out of
reach. The duration of the fold growth phase is in line with previous estimates based
on other proxies such as K-Ar and U-Pb absolute dating [71].

- the O and C stable isotope signatures and clumped isotopes of Δ47 of vein cements im-
ply that the paleofluid system that prevailed during LPS and folding in this structure
involve marine local fluids with limited interaction with the host rock, in agreement
with earlier findings in the eastern UMAR.

Beyond regional implications, this study demonstrates the high potential of our new
approach combining paleopiezometric, isotopic, and mesostructural data to reconstruct
the sequence and to constrain the timing not only of local mesoscale deformation, but
also of regional tectonic events in an orogenic system. Our results further confirm that
the paleopiezometric inversion of the roughness of sedimentary stylolites for the vertical
stresses is a reliable and powerful tool to unravel the amount and timing of burial without
any assumption about the past geothermal gradient.
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Rossa and Scaglia Variegata. Standard deviation and number of measures are detailed for each
site of measurement, Figure S2: Average Wavelet analysis of the stylolite roughness for all studied
samples, Table S2: GPS coordinates of measurement and sampling sites, Figure S3: interpretated
X-ray diffractometry spectrum of the Scaglia Rossa, Figure S4: Δ47 analysis report, detailing analysis
and results.
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Abstract: This paper shows the main results of a multidisciplinary study performed along the
southeastern sector of the Agri Valley in Basilicata (Southern Italy), where Cenozoic units, crucial for
constraining the progressive evolution of the Southern Apennine thrust and fold belt and, more in
general, the geodynamic evolution of the Mediterranean area are widely exposed. In particular, we
aimed at understanding the stratigraphic and tectonic setting of deep-sea, thrust-top Cenozoic units
exposed immediately to north of Montemurro, between Costa Molina and Monte dell’Agresto. In
the previous works different units, showing similar sedimentological characteristics but uncertain
age attribution, have been reported in the study area. In our study, we focussed on the Albidona
Formation, pertaining to the Liguride realm, which shows most significant uncertainties regarding
the age and the stratigraphic setting. The study was based on a detailed field survey which led to
a new geological map of the area. This was supported by new stratigraphic, biostratigraphic and
structural analyses. Biostratigraphic analysis provided an age not older than the upper Ypresian
and not younger than the early Priabonian. Recognition of marker stratigraphic horizons strongly
helped in the understanding of the stratigraphy of the area. The study allowed a complete revision
of the stratigraphy of the outcropping Cenozoic units, the recognition of until now unknown tectonic
structures and the correlation between surface and subsurface geology.

Keywords: Albidona Formation; biostratigraphy; liguride units; Agri Valley; southern Apennines

1. Introduction

Understanding surface geology of a given area provides fundamental clues on the
lithological, stratigraphic and structural setting of the subsurface, useful for exploitation of
natural resources. In particular, recognition of key stratigraphic horizons is essential for
the correct identification of major tectonic structures and the interpretation and correlation
of geophysical and well data to define reliable 3D geological models. In addition, the
recognition of regional faults and permeable stratigraphic units can be helpful in modelling
fluid flow in subsurface. The Agri Valley represents a good example where a better
definition of the surface geology provides significant improvements in the interpretation of
subsurface data.
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Here, the carbonate reservoir rocks are covered by a thick pile of allochthonous
thrust sheets emplaced during the building of the southern Apennine thrust and fold belt
(Figure 1).

Figure 1. (a) Regional geological map of the Southern Apennines; (b) schematic sketch map of the Agri Valley graben
showing the location of the study area; (c) schematic geological cross-section outlining the structural highs of the Internal
Apulian Platform and the geometry of the overlying allochthonous units [1].

For this reason, the knowledge of the surface geology in this area is regarded as
a priority. In the Agri Valley one of the major geological challenges consists in the dis-
tinction between different Cenozoic turbidite units, represented by the Albidona and the
Gorgoglione formations sensu [2] and named “Albidona Formation” and “Gorgoglione
Flysch” in the Italian Geological Map at 1:50,000 scale (CARG Project—e.g., Servizio Ge-
ologico d’Italia, 2005, 2009, 2014). The latter units are commonly interpreted as part of
allochthonous thrust sheets. According to [3] the aforementioned formations commonly
show similar lithological and sedimentological characteristics, which frequently hinder
the correct identification of the vertical/lateral relationships. These issues, along with
the scarce paleontological age determinations, led to stratigraphic misinterpretations and
failure in recognizing important tectonic structures in the field that are fundamental when
building a 3D geological model of the Agri Valley. Difficulty in discriminating between the
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Albidona and the Gorgoglione formations is evident when comparing different geological
maps of the Agri Valley area [3–6].

Although the Albidona and the Gorgoglione formations show similar lithological
characteristics (in both the cases these formations consist of alternating turbiditic sand-
stone/conglomerates and clays) their correct attribution has significant geological, hydro-
geological and environmental consequences. In addition, the correct mapping and the
detailed definition of the boundaries (stratigraphic or tectonic) between the two aforemen-
tioned formations and a more precise definition of their age is also helpful for providing
information on the evolution of the southern Apennine thrust and fold belt.

In this paper we show the main results of detailed geological mapping, accompanied
by new stratigraphic and structural reconstructions, carried out in the Costa Molina—
Tempa del Vento—La Rossa—Monte dell’Agresto area, located in the southeastern sector of
the Agri Valley (Figure 2a,b). The study has been supported by new biostratigraphic data,
performed on marker stratigraphic horizons, that have been used to precisely discriminate
the Albidona and Gorgoglione formations. In addition, the new stratigraphic data provided
evidence for important tectonic structures that have been recognized for the first time in
the area.

 

Figure 2. (a) Geological map of the Costa Molina—Monte dell’Agresto-Tempa del Vento area, showing (b) the location of
the studied stratigraphic section, collected samples, seismic lines and geological cross section.
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2. Geological Setting

The Agri Valley is a Quaternary tectonic depression, filled up with continental deposits,
located in the axial sector of the southern Apennine thrust belt [7,8]. Its origin is mainly
connected to the activity of Pliocene to Quaternary, NW-SE oriented, strike-slip and normal
faults, which started to develop when thrusting was still active in the frontal sector of the
belt [9,10]. In particular, in the southern Apennines extensional tectonics strictly reflects
the eastward roll-back and crustal delamination of the of the Apulian slab, associated with
the Tyrrhenian backarc basin opening [11–14]. Based on the available field and subsurface
data, the Agri Valley is considered a Quaternary graben [15] controlled by two major
bounding faults named, respectively, Eastern Agri Fault System (EAFS) and Monti della
Maddalena fault system (MMFS) [16]. Active tectonics in the area is testified by recent
continental deposits displaced by normal faults [7] and by the intense seismicity currently
characterizing the Agri Valley area [17,18].

The Agri Valley graben developed on a pre-Pliocene substratum formed by a series of
stacked allochthonous units forming the axial sector of the southern Apennine thrust belt.
In the study sector, the architecture of the mountain belt can be observed on outcrops in the
shoulders of the Agri Valley graben, or reconstructed by means of the abundant subsurface
data (seismic lines and wells) acquired for hydrocarbon exploration [19]. The geometrically
highest allochthonous unit is represented by the Liguride complex, consisting of minor
fragments of oceanic crust, pertaining to Ligurian part of the Alpine Tethys realm [20], and
the related sedimentary cover of Mesozoic to Cenozoic age [4]. This complex derives from
a late Cretaceous–early Miocene accretionary wedge, formed on top of the NW-dipping
subduction of the Ligurian Tethys [21,22]. All the underlying tectonic units pertain to the
paleomargin of the African plate and are represented by the Apennine Platform carbonates,
tectonically superimposed onto the deep-water deposits of the Lagonegro Basin, and the
Apulian Platform carbonates that represent the lowest structural element of the southern
Apennine tectonic pile. Emplacement of the allochthonous units took place during the
middle to late Miocene and was accommodated by major low-angle thrusts, bounding
at the base each tectonic unit [23,24]. However, severe internal deformation can be also
recognized, as testified by folding, thrusting and local development of cleavage fabrics
within the clay-rich intervals. This deformation style particularly well outlined in the
Lagonegro Units, locally consisting of thick antiformal stacks, as documented by hydrocar-
bon well data [2]. The simple piling relationship between individual allochthonous units is
frequently made more complex by out of sequence thrusting processes, produced during
the latest deformation events of late Pliocene-early Pleistocene age [25,26].

The northeastward propagation of thrusting during formation of the Southern
Apennines is recorded by a series of thrust-sheet top basins that rejuvenate progres-
sively toward NE, according to the emplacement age of the allochthonous units.
Typical thrust-sheet top deposits in the Agri Valley area, as indicated by previous
literature [3], are represented by the Albidona and Gorgoglione formations. In partic-
ular, in the study area (Figure 2a) the Albidona Formation is stratigraphically covered
by the Gorgoglione Formation by means a marked angular unconformity [2]. The
latter formation has been deposited in two major NW-trending sub-basins, whose
location and evolution were controlled by thrusting and folding within the underly-
ing allochthonous units [27]. The study area corresponds to the western sub-basin,
where the Gorgoglione Formation appears less involved by later thrusting and conse-
quent tectonic load with respect to the eastern sub-basin [28,29]. According to the
literature [30], the basal unconformity of the Gorgoglione Formation on the Albidona
Formation has been intercepted by hydrocarbon wells drilled in the study area (i.e.,
the Costa Molina2 well). However, the same contact is less recognizable in the field
because of striking lithological similarities between the Gorgoglione and Albidona
formations. Although few doubts exist about the stratigraphic relationships between
the two considered units, different interpretations still persist about the age and
the significance of the Albidona Formation. The chronostratigraphic attribution of
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the Albidona Formation, the problems in discriminating it from the Gorgoglione
Formation and the related tectonic and geodynamic implications will be discussed in
the following section.

3. The Age and Significance of the Albidona Formation

The Albidona Formation mainly consists of siliciclastic turbidite, outlined by sandstone
and conglomerate beds, alternating with intervals of shales, marls and silty marls, with a
thickness of about 2000 m in the type locality of Albidona in Northern Calabria [31–33]. A
typical feature is represented by the occurrence of about 50 m thick intervals of nearly homo-
geneous whitish marly limestones and marls, particularly frequent in the lower-intermediate
part of the succession. The presence of both siciliclastic and calciclastic intervals suggests
that sediments were supplied both from an active margin undergoing contractional defor-
mation and from the marginal part of a carbonate platform [34]. According to Colella and
Zuffa [35], the siliciclastic material as well as olistoliths of ophiolitic rocks [36] were fed by the
Liguride accretionary wedge, located to the west, whereas the carbonate debris was supplied
by the western marginal portion of the Apennine Platform, located to the east. Accordingly,
the thick marly intervals were interpreted as carbonate turbidite megabeds [35]. The same
intervals have been compared by Baruffini et al. ii [33] to the “homogenites” recognized in the
deep-sea Holocene successions of the Mediterranean Sea [37], interpreted as tsunami-derived
megaturbidites [38].

The age of the Albidona Formation is controversial. Selli [31], who described for the first
time the formation, provided a Langhian age. On the other hand, several authors [39–44]
obtained older Eocene ages by analysing planktonic foraminifera both in the type locality and
in other sections of the southern Apennines. However, similar studies on the Albidona type
section allowed to obtain Oligocene-early Burdigalian ages [32]. Younger ages (early–middle
Burdigalian) were provided by Bonardi et al. ii [45] from the analysis of nannofossils in five
samples collected in the type locality and in the Agri Valley. Based on a detailed analysis of
calcareous nannofossils and palynomorphs from the Albidona type section, Baruffini et al.
ii [33] reported again Eocene ages, similar to those already documented in the older studies
and discussed also the Miocene ages indicated by the previous authors. In particular, they
provided an early Ypresian to early Priabonian age and recognized a wide hiatus encompass-
ing the early Lutetian—early Bartonian time span. Finally, sheets 505 Moliterno and 506
Sant’Arcangelo of the 1:50,000 official Italian geological map by ISPRA [5,6] indicated an early
Miocene Age, based on data collected outside of the mapped areas. In the Trebisacce 1:50,000
sheet [46], which comprises the type-area of the Albidona Formation, an early Miocene age
has been recognized, but only in the uppermost interval of the succession.

Difficulties in providing a consistent age of the Albidona Formation, combined
with the paucity of key outcrops, have important consequences on the understanding
of its paleogeographic significance as well as on the interpretation of its tectonic or
stratigraphic relationships with the underlying units. According to a first interpreta-
tion [45,47], the basal contact of the Albidona Formation on the Apennine Platform
and the Lagonegro Basin units, exposed in the southern sector of the high Agri Valley
(Figure 1), has been indicated as an unconformity. An alternative interpretation [2]
considers the same contact as a thrust surface and the Albidona Formation as deposited
in a thrust-sheet top basin formed during the emplacement of the Liguride complex.
Vezzani et al. ii [48] proposed a similar interpretation and considered the Albidona
Formation as deposited in a thrust-sheet top basin that seals contractional structures
affecting the Liguride accretionary wedge.

The first interpretation implies that at the time of deposition of the Albidona Formation
the African paleomargin was already involved in the Apennine deformation. The second
interpretation assumes that the Albidona thrust-sheet top basin formed on the Liguride
accretionary wedge when the African paleomargin was still unaffected by contractional
deformation. As the involvement of the African paleomargin in the Apennine chain took
place during the early Miocene, according to the first deformation recorded in the Apennine
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Platform and the Lagonegro Basin units [49,50], a more precise constrain on the age of
the Albidona Formation would greatly help in solving this controversy and in providing
new hints on the tectonic evolution of the southern Apennines. At this aim we analysed
the stratigraphic organization of the Albidona Formation at Monte dell’Agresto, which is
located along the southeastern side of the high Agri Valley.

4. Data and Methods

Detailed geological mapping at a 1:5000 scale of a 12.5 km2 wide area, includ-
ing the Costa Molina—Tempa del Vento—La Rossa—M. dell’Agresto localities, was
performed in order to better understand the stratigraphy of the Albidona Formation
and to analyse the structural setting of the area (Figure 2a). Mapping was focused on
the identification of key stratigraphic horizons that have been correlated throughout
the study area. After geological mapping, the most continuous and representative
stratigraphic section (Figures 2b and 3) of the Albidona Formation, located at Coste
dell’Agresto locality, was measured and sampled for biostratigraphic analysis on plank-
tonic foraminifera and nannofossils. Other samples have been collected in significant
outcrops of the area in order to better identify the age of the key horizons and to
provide biostratigraphic constraints on some stratigraphic intervals of the Albidona
Formation that were not represented in the measured stratigraphic section.

Analysis of calcareous nannofossils has been performed by means of standard
smear slides prepared in the ENI laboratories of Bolgiano (San Donato Milanese). Semi-
quantitative analyses of the assemblages were performed on a Zeiss Axioplan optical
microscope. Okada and Bukry [51], Martini [52], Perch-Nielsen [53], Bown [54], Grad-
stein et al. ii [55], were used as standard references for the stratigraphic interpretation
of nannofossil distribution.

Structural analysis has been focused on the description of fold geometry in the
Albidona Formation and the documentation of the main fault zones. Large-scale
folds affecting the Albidona Formation have been mapped by distinguishing the
upright and overturned limbs and by identifying the trace of the fold axial surfaces.
Overturned beds have been easily detected by means of classical way-up criteria used
for turbidites. Brittle deformation has been analysed at Coste dell’Agresto locality,
where the orientation of minor fault planes and fractures has been measured within
one major fault zone of the study area. The number of fractures per unit length in
the damage zones, defined as fracture intensity or P10 [56,57], has been estimated by
means of linear scanlines.
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Figure 3. Stratigraphic section of the member B–C (Albidona Formation), measured in the Coste
dell’Agresto locality.
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5. Stratigraphy of the Monte Dell’agresto Area

We will describe the stratigraphic successions exposed at Monte dell’Agresto area
(Figure 2a,b and Figure 3) adopting, for the Albidona Formation, the same stratigraphic
divisions proposed by Baruffini et al. ii [33], defined in the Albidona type locality. The
reason for this choice is the striking stratigraphical and chronostratigraphical similarities
of the studied successions with the section exposed in the type locality. Baruffini et al.
ii [33] identified four members in the Albidona formation: (i) member A, consisting of
a turbiditic system made by coarse-grained sandstones and microconglomerates. Rare
marly intervals locally alternate with the main lithologies; (ii) member B, made up of
thick marly intervals (up to tens of metres), alternating with turbiditic sandstone beds and
clay intervals. Thick conglomerate levels also occur; (iii) member C, consisting of marly
clays and coarse-grained sandstones, with rare calciclastic levels; (iv) member D, mainly
composed of coarse-grained turbiditic sandstones and conglomerates, with thin and rare
calciclastic intervals.

In the Monte dell’Agresto area we recognized three of the four members described
by Baruffini et al. ii [33]. However, the distinction between members B and C is not so
straightforward as in the type-area; therefore, we decided to merge the two members
together to form the member B–C. On the other hand, member D is easily distinguishable
from the underlying members. Member A is not exposed in the study area.

5.1. Albidona Formation, Member B–C

The stratigraphic organization of the member B–C is visible in a natural section
exposed along the southeastern slope of Monte dell’Agresto (Figure 3). Member B–C
mainly consists of siliciclastic turbidites locally alternating with marly and calcareous
intervals. The most common lithofacies, forming the background of the member B–C, is
represented by alternating thin-bedded turbiditic sandstones and clays (Figures 3 and 4a).

Sandstones mainly consist of medium to fine—grained turbidites forming cm to dm-
thick beds. They show marked erosional basal surfaces and sedimentary structures as well
as the Ta-c intervals of the Bouma sequence [58]. The clays commonly form greyish to
greenish m-thick, thinly laminated packages. Structureless sandstones in m-thick layers
stand out at different stratigraphic heights within background sediments (Figure 4b). Often,
the observed thickness of the sandstone beds is the result of amalgamation processes
between different strata. Structureless sandstones commonly show lens-shaped geometry,
marked erosional basal surfaces and clay chips, ripped up from the underlying clays.
Further intercalations within the background deposits of the member B–C consist in three
distinctive sedimentary bodies (Figures 3 and 4) that, for their uniqueness, represent very
useful stratigraphic markers. These bodies form a triplet that can be traced for many
kilometres throughout the study area.

The oldest is represented by a whitish marly interval, affected by cleavage, joints and
calcite veins (Figure 4c), showing an anomalous maximum thickness of about 40 m. This
interval represents not only an easily recognizable key bed but it also useful for biostrati-
graphic determinations, given its abundant faunal content (see the next section). Marly
intervals occurring within the Albidona Formation have been interpreted as megatur-
bidites [35] or as “homogenites”, possibly triggered by tsunami events [38].

236



Geosciences 2021, 11, 125

 

Figure 4. Photographs illustrating peculiar stratigraphic intervals within member B–C and D of the
Albidona Formation. (a) Thin-bedded turbidites and clays representing the background sedimen-
tation of member B–C of the Albidona Formation; (b) Structureless sandstone intervals; (c) Marls
affected by cleavage and calcite veins; (d) Pebbly mudstone exposed at Monte dell’Agresto. Note the
occurrence of scattered basalt clasts within the clayey matrix. In the box, a close-up view of pillow
lava fragments; (e) Pebbly sandstone. Scattered clasts mainly occur in the laminated lower portion.

A second key level, located about 30 m above the described marls, is represented by an
about 10 m-thick pebbly mudstone (Figures 3 and 4d), consisting of angular to sub-rounded
pebbles and boulders dispersed within a greenish to greyish silty clay. Clasts consist of
magmatic, metamorphic and sedimentary rocks. Magmatic rocks are mainly represented
by white and pink granites, porphyries, microgabbros and black to green basalts.

Locally, fragments of pillow lavas (Figure 4d), with minor inter-pillow sediments,
have been recognized. Metamorphic clasts are commonly represented by phyllites, schists
and paragneisses, possibly overprinted by contact metamorphism. Sedimentary clasts
are represented by rare Paleocene-Eocene carbonate platform limestones, greenish and
reddish cherts and sandstones. Microfacies of carbonate clasts, indicating a reefal envi-
ronment, is not consistent with the typical Eocene limestones of the Apennine Platform,
represented by the shelf-lagoonal facies of the Trentinara Formation [59]. In general, clasts
composition is consistent with the provenance from the upper part of a continental crust,
where phyllites and schists are intruded by granitoids, covered by porphyres and, finally,
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by platform carbonates. Moreover, the widespread occurrence of pillow lava fragments
and microgabbro implies the presence of a second sedimentary source, consisting of an
obducted ophiolitic complex. This is further supported by the concomitant occurrence of
inter-pillow limestones and greenish to reddish cherts that typically occur in the upper
part of an ophiolite section. Due to bad outcrop conditions pebbly mudstone did not
show evident sedimentological characteristics and clear relationships with the surrounding
strata. A possible interpretation, due to its structureless appearance, with clasts floating
in a dominant clayey matrix, is that they result from the emplacement of a debris flow.
This stratigraphic level might be correlated with similar intervals containing blocks of
granitoids and mafic rocks exposed in various localities along the southwestern side of the
Agri Valley [36,45,60].

The third marker bed is a pebbly sandstone (Figure 4e), which is located some metres
above the pebbly mudstone. It consists of a 2–3 m-thick coarse-grained sandstone body
showing well-rounded, a few centimetres in diameter, crystalline and metamorphic clasts
distributed along the lower portion of the bed. Plane-parallel and cross-lamination typically
occur in the basal portion of the bed, where the clasts are mostly present. Toward the
top, clast frequency and lamination progressively decrease, and the sandstone become
structureless or show a faint normal gradation. It shows a lens-shaped geometry and
progressively pinches out eastward. In the opposite direction it can be followed for
some kilometres, forming an easily recognizable marker bed. We interpreted the pebbly
sandstone as the result of a turbidite flow or a debris flow evolving toward a turbidite flow.

5.2. Albidona Formation, Member D

Member D differs from member B–C mainly for two reasons: (i) fine to medium
grained sandstones are replaced by coarse-grained sandstones, micro-conglomerates and
conglomerates (Figure 5a,b); (ii) Marly intervals are thinner and commonly show higher
clay content.

 

Figure 5. (a) Typical outcrops of the member D of the Albidona Formation represented by thick conglomerate/micro-
conglomerate beds; (b) Close-up view of the conglomerates.

The conglomerate/micro-conglomerate beds show thicknesses ranging from few
centimetres to some metres and can be followed laterally for hundreds of metres. They
commonly show a lens-shaped geometry, dome-shaped tops and marked erosional basal
surfaces. Conglomerate/micro-conglomerate beds display a matrix-supported texture
with clast size ranging from few centimetres up to the decimetre. Clast roundness can
vary from scarcely rounded to well rounded. Clast composition includes sedimentary,
magmatic and metamorphic rocks. Among metamorphic rocks, well-rounded clasts of
quartz veins and subrounded phyllite fragments are the most frequent, whereas magmatic
rocks mainly consist of granite clasts. Unlike the member B–C, apparently they do not
include ophiolite-derived debris.
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Marls of member D show general features similar to those described for the underlying
member B–C; however, they are characterized by a greater amount of clay and, conse-
quently by paucity in faunal content. Marls are commonly organized in laterally continuous
beds showing thicknesses ranging from some tens of centimetres to some meters and are
generally affected by an intense cleavage, commonly parallel to the sedimentary layering.

5.3. Gorgoglione Formation

The Gorgoglione Formation (late Burdigalian—Tortonian according to [61]) mainly
consists of arenaceous turbidites, variably alternated with matrix-supported conglom-
erate/microconglomerate layers and clay-rich intervals. In the study area arenaceous
turbidites consist of 1–2 m thick coarse-grained graded sandstone, containing sparse clasts
at the base and laminated finer-grained sandstone on top. Conglomerates generally consist
of rounded clasts derived from sedimentary, metamorphic and igneous rocks, these latter
showing a granite to granodiorite composition, within abundant matrix. Sandstones and
conglomerates are generally characterized by a yellow color, may contain plant remains
and are frequently organized in 10 to 50 m thick intervals. Minor cm- to dm-thick clayey
intervals alternate with the previous lithologies. Frequently, thick sandstone and conglom-
erate intervals result from the amalgamation of individual m-thick turbidite levels. These
coarse-grained intervals are laterally discontinuous and occur within a typical turbiditic
sequence, consisting of dm-thick layers of graded sandstone intercalated within dominant
clay or silty clay.

Interestingly, the Gorgoglione Formation never contains marly intervals, and this
represented one of the main criteria that we used for distinguishing the Gorgoglione
Formation from both B–C and D members of the Albidona Formation. Another distinctive
feature is the exclusive presence of pebbles consisting of granitoids and minor metamorphic
rocks in the coarse-grained facies, with the absence of ophiolitic material.

6. Biostratigraphy

In the Monte dell’Agresto area 31 samples were collected for the biostratigraphic
analysis of the Albidona Formation succession. Samples have been mainly collected in
marly intervals located at different stratigraphic heights, within both the B–C and the
D members. They have been organized in three main groups representing, respectively,
the intermediate and lower-intermediate intervals of the member B–C (Groups I and II;
Tables 1 and 2), and the member D (Group III; Table 3). The samples are characterized
by the significant occurrence of Cretaceous, Paleocene reworked forms. In addition, the
constant occurrence of Eocene forms, not older than the Lutetian, has been ascertained
by integrating calcareous nannoplankton and planktonic foraminifera. Although forms
with a long-range distribution (i.e., Chiloguembelina cubensis, LO top Rupelian, Sphenolithus
praedistentus, LO intra-Chattian) sometimes occur, we never recognized taxa with a short
range distribution or a FO/FAD showing ages younger than lower Priabonian (i.e., Cribro-
centrum erbae). Therefore, based on comparison between marker planktonic foraminifera
and calcareous nannoplankton associations (Figure 6) we attributed of a Lutetian age for
the member B–C and a Barthonian/early Priabonian age for the member D.
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Table 1. Group I.

Samples Markers (Calcareous Nannoplankton) Markers (Plantktonic Foraminifera)

AG 28
Sphenolithus radians, Girgisia gammation, Toweius
pertusus, Discoaster barbadiensis
Sample biostratigraphic range: NP11–14

Acarinina cf. topilensis, Chiloguembelina sp.,
Turborotalia sp.
Sample biostratigraphic range: E10–E11

AG 27 S. radians, G. gammation, T. pertusus, D. barbadiensis
Sample biostratigraphic range: NP11–14

Acarinina cf. boudreauxi, Morozovelloides sp.?
Chi-loguembelina sp., Subbotina spp., Globigerinatheka
sp., Morozovella cf. caucasica, Globotruncanidae (rew.)
Sample biostratigraphic range: E10–E11

AG 15 S. radians, G. gammation, Toweius callosus, T. pertusus
Sample biostratigraphic range: NP11–14 Barren

AG 14 S. radians, G. gammation, T. callosus, T. pertusus
Sample biostratigraphic range: NP11–14 Barren

AG 13
S. radians, G. gammation, Sphenolithus orphanknollensis,
Nannotetrina sp., D. barbadiensis
Sample biostratigraphic range: NP12–15

Barren

AG 12
S. radians, G. gammation, S. orphanknollensis,
Nannotetrina sp., D. barbadiensis
Sample biostratigraphic range: NP12–15

Very rare indeterminated planktonic foraminifera

AG 11
S. radians, G. gammation, S. orphanknollensis,
Nannotetrina sp., D. barbadiensis
Sample Biostratigraphic range: NP12–15

Barren

AG 10
S. radians, G. gammation, S. orphanknollensis,
Nannotetrina sp., D. barbadiensis
Sample biostratigraphic range: NP12–15

Rare indeterminated planktonic foraminifera

AG 9
Sphenolithus predistentus, Helicosphaera lophota, G.
gammation
Sample Biostratigraphic range: NP16

Barren

AG 8 generic Eocene association Acarinina spp. and small indeterminated planktonic
foraminifera

AG 7 Sphenolithus spiniger, Sphenolithus furcatolithoides
Sample biostratigraphic range: NP15/16

Morozovella aequa (rew.), Acarinina soldadoensis (rew.)
Sample biostratigraphic range: not younger than E7

AG 6
S. radians, G. gammation, S. furcatolithoides, D.
barbadiensis
Sample biostratigraphic range: NP15

Acarinina bullbrooki, Acarinina spp.
Sample biostratigraphic range: E7–E11

AG 5 S. radians, G. gammation, T. pertusus, T. callosus
Sample biostratigraphic range: NP11–14

Acarenina cf. soldadoensis (rew), Morozovella
aragonensis
Sample biostratigraphic range: E7–E11

AG 4 S. radians, G. gammation, T. pertusus, T. callosus
Sample biostratigraphic range: NP11–14

Acarinina sp., Morozovella sp.
Sample biostratigraphic range: not younger than E9

AG 3 S. radians, G. gammation, T. pertusus, T. callosus
Sample biostratigraphic range: NP11–14

Acarinina bullbrooki, Subbotina spp., Globanomalina cf.
compressa (rew.)
Sample biostratigraphic range: E7–E11

AG 2 S. radians, G. gammation, T. pertusus, T. callosus
Sample biostratigraphic range: NP11–14

Acarinina sp., Morozovella sp.
Sample biostratigraphic range: not younger than E9

AG 1 S. radians, G. gammation, T. pertusus, T. callosus
Sample biostratigraphic range: NP11–14

Acarinina bullbrooki, Subbotina spp., Morozovella spp.
Sample biostratigraphic range: E7–E11
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Table 2. Group II.

Samples Markers (Calcareous Nannoplankton) Markers (Plantktonic Foraminifera)

AG 18 S. spiniger
Sample biostratigraphic range: NP16

Acarinina cf. boudreauxi
Sample biostratigraphic range: E7–E9

AG 17 S. spiniger
Sample biostratigraphic range: NP16

Acarinina spp., A. cf. pentacamerata (rew.), A. soldadoensis
(rew.), Chiloguembelina cf. cubensis
Sample biostratigraphic range: E10 or younger

AG 22 Discoaster salisburgensis, S. radians, G. gammation
Sample biostratigraphic range: NP11–12

Acarinina spp., A. cf. bullbrooki, A. soldadoensis (rew),
Globanomalina sp. (rew.)
Sample biostratigraphic range: E7–E11

AG 21 D. salisburgensis, S. radians, G. gammation
Sample Biostratigraphic range: NP11–12

Acarinina spp., A. cf. boudreauxi, Acarinina soldadoensis
(rew), Igorina sp. (rew.), Morozovella aequa (rew.)
Sample biostratigraphic range: E7–E11

AG 20 S. radians, G. gammation, T. callosus, T. pertusus
Sample biostratigraphic range: NP11–14

Acarinina spp., A. cf. boudreauxi, Acarinina soldadoensis
(rew), Chiloguembelina crinita, Morozovelloides sp.?
Subbotina spp.
Sample biostratigraphic range: E7–E13

AG 19 S. radians, G. gammation, T. callosus, T. pertusus
Sample biostratigraphic range: NP11–14

Acarinina spp., A. cf. boudreauxi, A. pentacamerata (rew),
Chiloguembelina spp., Igorina pusilla (rew.)
Sample biostratigraphic range: E7–E9

AG 30

S. radians, G. gammation, Campylosphaera dela,
Discoaster saipanensis
D. barbadiensis
Sample biostratigraphic range: NP14

Very rare small planktonic foraminifera fragments

AG 31
S. radians, G. gammation, C. dela, D. saipanensis,
D. barbadiensis
Sample biostratigraphic range: NP14

No sample

AG 32 S. radians, G. gammation, T. callosus, T. pertusus
Sample biostratigraphic range: NP11–14 No sample

AG 33 S. radians, G. gammation, T. callosus, T. pertusus
Sample biostratigraphic range: NP11–14

Acarinina bullbrooki, A. cf. aspensis, Globigerinatheka sp.,
Chiloguembelina sp., Morozovella spp., M. aequa (rew.),
Globanomalina compressa (rew.), Igorina albeari (rew.)
Sample biostratigraphic range: E7–E11

Table 3. Group III.

Samples Markers (Calcareous Nannoplankton) Markers (Plantktonic Foraminifera)

AG 26
Cribrocentrum reticulatum, Dictyococcites bisectus, Reticulofenestra
umbilicus, Sphenolithus obtusus, Cribrocentrum erbae
Sample biostratigraphic range: NP17

Barren

AG 25
Cr. reticulatum, D. bisectus, R. umbilicus, S. obtusus, Cr. erbae,
Blackites sp.
Sample biostratigraphic range: NP17

Barren

AG 24
Cr. reticulatum, D. bisectus, R. umbilicus, S. obtusus, Cr. erbae,
Blackites sp.
Sample biostratigraphic range: NP17

Barren

AG 23
Cr. reticulatum, D. bisectus, R. umbilicus, S. obtusus, Cr. erbae,
Blackites sp.
Sample biostratigraphic range: NP17

Barren
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Figure 6. Sample group I: (a) Acarinina bullbrooki; (b) Globanomalina cf. compressa reworked; (c) Moro-
zovella aragonensis; (d) Acarinina soldadoensis reworked; (e) Globigerinatheka sp.; (f) Globotruncanids
(Marginotruncana sp.?) reworked; Sample group II: (g) Acarinina bullbrooki; (h) Globigerinatheka sp.;
(i) Turborotalia sp. (juvenile); Sample group III: (l) Dictyococcites bisectus; (m) Cribrocentrum reticulatum;
(n) Reticulofenestra umbilicus.

6.1. Group I

This group consists of a composite succession representative of the member B–C of
the Albidona Formation, exposed northern sector of the study area (Figure 2). It includes
samples from AG1 to AG13, collected at Coste dell’Agresto along the measured strati-
graphic section (Figure 3), and samples AG14-15 and AG27-28 from minor marly intervals
in the same area. In particular, the previously described marly key level (MRN interval in
Figure 3) has been sampled at regular distances of 4–5 m (samples AG1-9; Figure 3). In the
sampled marly intervals (Table 1), calcareous nannoplankton associations are abundant
and well preserved. On the contrary planktonic foraminifera associations, analysed in thin
sections, are scarcely represented and some of the samples resulted barren. In general, the
existing forms are small, well preserved and iso-oriented. In some samples radiolarians
are abundant. Information and marker forms for each sample are reported in Table 1. The
most representative specimens recognized in this group are illustrated in Figure 6a–f.

Group I encompasses the middle-upper Lutetian (Biozones NP15-16) (see the chronos-
tratigraphic scheme in Figure 7). The first form representative of the nannoplankton
Biozone NP15 is Sphenolithus furcatolithoides, observed in the sample AG6. Furthermore,
Sphenolithus predistentus, indicating the transition toward the Biozone NP16, has been rec-
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ognized in sample AG9. A Lutetian age is also confirmed by the occurrence of planktonic
foraminifera as well as Acarinina cf. topilensis, Globigerinatheka sp. recognized in the samples
AG27 and AG28.

 

Figure 7. Final interpretative chronostratigraphic scheme reconstructed for the study succession.
Reworked Ypresian and older bioevents are often present in samples.

243



Geosciences 2021, 11, 125

In the other samples the age attribution is less clear since reworked forms are very
common. In general, reworked planktonic foraminifera of Cretaceous, Paleocene and late
Ypresian (i.e., Acarinina soldadoensis, Morozovella aequa) ages are present. Large range forms
or markers ranging from nannoplankton biozones NP11 and NP24 also occur. In particular,
the recognition of Sphenolithus predistentus, which ranges from biozone NP16 to biozones
NP24 at least provided an age not older than biozone NP16. Although this latter form
can easily reach the Oligocene we exclude this younger age because of the lack of a clear
Oligocene faunal assemblage.

In more detail, samples AG1-AG5, collected at the base of the MRN interval, show
fossil assemblages that do not allow to exclude a late Ypresian age. In fact, the occurrence
of Acarinina bullbrooki in the sample AG1 provides an age not older than E7 biozone.
Accordingly, calcareous nannoplankton associations indicate an age not younger than
NP14 biozone. The occurrence of calcareous nannoplankton associations pertaining to the
biozone NP15 in the sample AG6 might suggest that the underlying stratigraphic portions
can be located in the upper part of the NP14 biozone and therefore in the Lutetian. The
occurrence of Sphenolithus predistensus (total range NP16-NP24) allows to attribute the
sample AG9 at the base of NP16 Biozone. In this sample, the fossil assemblage is also
characterized by a group of taxa of lower Eocene affinity such as Girgisia gammation (total
range NP11-NP14), always observed in the underlying samples. These latter forms could
be interpreted as clearly reworked only from the sample AG6, due to the first occurrence of
Sphenolithus furcatulithoides (total range NP15-16).

The aforementioned biostratigraphic reconstruction might suggest that the 34 m thick
MRN interval could represent a condensed section ranging between the upper Ypresian?
and the upper Lutetian (NP14-16). However, the MRN interval is included in a thick
turbidite succession characterized by high sedimentation rates. Therefore, a prolonged
deactivation of the clastic input (6–7 My) during deposition of the MRN interval seems
unlikely. Moreover, it has to be noted that samples collected from marly levels overlying
the MRN interval show again fossil associations with upper Ypresian—lower Lutetian
affinities, similar to those recognized in the samples AG1-AG5. The occurrence of these
intervals has been attributed to reworking processes, only occasionally preserving the
primary biostratigraphic signal (samples AG 27—AG28). The recurring appearance of
layers containing calcareous nannoplankton associations with an upper Ypresian—lower
Lutetian (NP11-14) affinity, conflicting with their stratigraphic position in the Agresto
succession, rises further doubts about the reliability of the age provided by samples AG1-
AG5. For these reasons, the stratigraphic interval included between samples AG1 and AG5
has been assigned to the Lutetian (biozone NP15).

6.2. Group II

Group II consists of a composite succession representative of the member B–C of the
Albidona Formation exposed central sector of the study area. It includes samples AG17-
18-19-20-21-22-30-32-33 (Figure 2). Samples AG19-20-21-22 have been collected along the
MRN marker interval (Figures 2 and 3). The most representative forms are listed in Table 2.
Figure 6g–i show the most representative forms of this group.

Consistently with the samples of Group I, a Lutetian age is ascertained for Group II
and abundant reworked forms of Cretaceous, Paleocene and Ypresian age have also been
recognized. In particular, the reworked nature of early Eocene forms is similar to that
discussed for the Group I.

Planktonic foraminifera represented by Globigerinatheka spp. recognized in the sample
AG33 provided a Lutetian age not older than Biozone E8. Moreover, sample AG17, located
above the MNR interval, provided and age not older than Biozone E10 (topmost NP15-
NP16), because of the occurrence of Chiloguembelina cf. cubensis.

Summing up, we indicate an age comprised between the upper part of NP15 and
the lower part of NP16 calcareous nannoplankton biozones, corresponding to E9-E10
planktonic foraminifera biozones for Group I and Group II samples (Figure 7). Therefore,
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the studied stratigraphic interval corresponds to a minor part of the entire Albidona
member B–C, which is characterized by high sedimentation rates and a thickness of 1500 m
in the type locality [33].

6.3. Group III

This group includes samples AG 23-24-25 (Figure 2), collected in a marly interval
of the member D of the Albidona Formation. Additionally, sample AG26 has been at-
tributed to this group, and referred to the same member, because of the strong affinities
showed by the floral content with the other samples of Group III. Calcareous nannoplank-
ton associations are abundant and very well preserved (Figure 6l–n). On the contrary,
planktonic foraminifera content is almost absent. The occurrence of markers as Blackites
sp., Cribrocentrum erbae, Cribrocentrum reticulatum, Dictyococcites bisectus, Reticulofenestra
umbilicus, Sphenolithus obtusus, allowed to refer Group III to the topmost Barthonian/lower
Priabonian (Biozone NP17) (Figure 7).

7. Structural Setting of the Monte dell’Agresto Area

The detailed stratigraphic reconstruction of the Albidona Formation and the identifi-
cation of key stratigraphic intervals allowed a better definition of the overall geological
features of the study area, which appear substantially upgraded when compared with the
previous geological maps [3,5,6]. The most striking characteristics is that most of the previ-
ously mapped Gorgoglione Formation turned out to be the Albidona Formation (Figure 2).
This information was crucial for identifying major tectonic contacts that separate the two
formations in most of the study area. Another important improvement consists in the
distinction of members B–C and D of the Albidona Formation, which allowed a more de-
tailed mapping of this thick and sometimes monotonous succession. These advancements
allowed the identification of two roughly SW-NE oriented major faults, crossing the entire
study area, named, respectively, as the Figliarola and Tempa del Vento faults. These two
faults crosscut older contractional structures, represented by folds, which formed during
the building of the southern Apennine thrust belt. In the next sections we will describe the
main contractional and extensional structures recognized in the study area.

7.1. Contractional Structures

Contractional tectonics in the study area is mainly outlined by the presence of folds at
the meso- and macro-scale. Minor thrusts and reverse faults, generally characterized by a
limited displacement (up to some metres), also occur. We observed a remarkable difference
in the folding style between the members B–C and D. In particular, in the member B–C folds
are more commonly open and upright, which is very likely controlled by the occurrence of
more than 10 m thick layers, represented by the marly key interval and by thick sandstone
beds. On the contrary, folds in the member D show a tighter geometry, related to the
predominance of thinner sandstone or microconglomerate layers.

7.1.1. Geometry and Orientation of Folds in the Member B–C

Folds in the member B–C consist of roughly NW-SE oriented anticlines and synclines.
Fold orientation has been deduced by plotting the poles of the bedding planes (stereoplot
A and B; Figure 8) that, although dispersed, are consistent with a best fit axis dipping of
about 45◦ to 300◦ N.

Coherent with this orientation is an open NW-trending anticline recognized along the
southern side of Coste dell’Agresto locality (Figure 2), which is outlined by a thick sand-
stone interval and by the marly key bed (Figure 9a). In the same locality, overturned minor
folds also affect the member B–C. These structures commonly show axes dipping toward
W of 20◦ (Figure 2) and, due to their orientation and asymmetry, are not consistent with the
dominant large-scale NW-trending folds detected within the member B–C. Consequently,
these structures probably pertain to different deformation stage.
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Figure 8. Tectonic sketch map of the study area. Stereoplots show the distribution of the bedding poles in the sub-areas A–D.
The dot 3 corresponds with the best-fit axis of the folds.
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Figure 9. Examples of tectonic structures exposed in the M. dell’Agresto—C.da La Rossa area. (a)
NW-trending anticline outlined by a thick sandstone bed at M. dell’Agresto; (b) Geometry of the
E-trending Tremolizzo overturned anticline. Pictures from Google Earth.
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7.1.2. Geometry and Orientation of Folds in the Member D

Similar to the previous case, folds in the member D consist of anticlines and syn-
clines showing NW-SE and E-W hinge directions (stereoplot C and D in Figure 8). They
generally consist of tight folds, often overturned, affecting interbedded clay, sandstone
and microconglomerate. Hinge zones, where exposed, commonly show an angular to
sub-angular geometry. A major E-W trending kilometre-scale overturned anticline crops
out at Tremolizzo. The fold shows an axis plunging 20◦ towards N278. In the same locality,
the presence of evident and angular fold hinges (Figure 9b) allows to appreciate an axial
surface dipping of about 20–30◦ to the west (N280), consistent with the westward plunge
of the fold axis. The same anticline can be mapped eastwards, between Tremolizzo and
the Costa Molina, where the north-dipping overturned limb is well exposed (Figure 2).
Interestingly, in the Costa Molina area the fold axial surface dips approximately to the
east, indicating that the Tremolizzo anticline has been refolded by a gentle NW-trending
syncline, generating a type 2 interference structure [62]. The overall geometry of the
Tremolizzo anticline, characterized by an overturned southern limb, clearly indicates a
southward-directed vergence, not consistent with the general northeastward thrust trans-
port direction displayed by the Southern Apennine belt. Similar E-W trending asymmetric
folds are present in other outcrops in the study area, where in some cases display hinge
collapse phenomena and layer-parallel shearing.

Summarizing, interference structures in member D document that the Albidona
Formation has been affected by at least two folding phases. The first phase (D1) consists
of asymmetric and frequently overturned folds with southward transport direction. The
second folding phase (D2) is generally characterized by NW-trending open folds (Figure 8;
stereoplot D), with local overturned beds.

7.2. Extensional Structures

Three main fault sets, oriented, respectively, NNE-SSW, NW-SE and WNW-ESE have
been recognized throughout the study area (Figure 2). Due to the poor outcrop conditions,
in most cases fault have been inferred by the offset of marker levels or on the basis of
stratigraphic inconsistency. In rarer cases, outcropping, meso-scale fault planes have been
observed and measured. Considering the NE-SW set, two major kilometre-scale faults,
named, respectively, Tempa del Vento and Figliarola faults, have been detected. Their
occurrence has been mainly deduced on the basis of key beds offset and on the geometrical
relationships between the mapped stratigraphic units. However, the presence of both faults
is locally documented by exposures of the fault zones and is confirmed by the analysis of
seismic lines acquired for hydrocarbon exploration in the area.

The Tempa del Vento Fault (Figure 2) is a NNE-SSW oriented and ESE-dipping normal
fault, which separates the member D of the Albidona Formation at the footwall from
the Gorgoglione Formation at the hangingwall. The main evidence for the presence
of the fault comes from the geometrical relationships between the two formations and,
particularly, from the attitude of the bedding planes in the Gorgoglione Formation, which
dips constantly of 30◦ to towards Albidona Formation at the footwall. Tilting of the
Gorgoglione Formation is consistent with the geometry of the downthrown block of a
normal fault and supports the extensional kinematics of the Tempa del Vento Fault. The
presence of the Gorgoglione Formation at the footwall of the fault in the northeastern
sector of the study area suggests a gradual decrease of the vertical displacement towards
the northeast.

The Figliarola Fault consists in two segments, oriented NE-SW and NNE-SSW, respec-
tively, with a general dip towards the SE. This normal fault shows the deposits pertaining
to the member B–C of the Albidona Formation at the footwall and the member D of the
Albidona Formation plus the overlying Gorgoglione Formation at the hangingwall. The
fault consists of a poorly exposed master fault plane and series of closely spaced, mostly
antithetic minor faults. It shows a wide damage zone clearly exposed along the eastern
side of Monte dell’Agresto. The damage zone affects a 15 m thick sandstone and microcon-
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glomerate layer pertaining to the Gorgoglione Formation, located at the hangingwall of
the structure. Fracture measurement carried out in this outcrop are showed in Figure 10a,b
Three main fracture sets have been recognized, two of them, showing a NNE-SSW strike
and dipping, respectively, toward WNW and ESE, form a conjugate fracture system which
is consistent with the orientation and the extensional kinematics of the Figliarola Fault.
A third set strikes NNW-SSE and dips steeply towards the WSW. A scanline measured
orthogonally to the conjugate fracture set, along a 16 m long exposure, allowed to eval-
uate the fracture intensity (P10) [56,57]. As showed in Figure 10c the fracture intensity
progressively decreases in a direction opposite to the master fault, which is located on the
on the left-hand side of the histogram, showing a good agreement with the distribution of
fractures in damage zones [63,64]. Isolated peaks occurring, respectively, at 8, 12 and 15 m,
coincides with the presence subsidiary faults within the damage zone.

 

Figure 10. Structural data from the damage zone of the Figliarola Fault. (a) close up outcrop photograph; (b) rose and
contour plot diagrams of fracture data measured along the scanline shown in (a); (c) distribution of the fracture intensity
along the scanline shown in (a). Master fault is located at the left end side of the histogram.

At the hangingwall of the Figliarola Fault a series of antithetic, meso-scale faults also
occur in an outcrop located 400 m East from the master fault (Figure 2). These structures
cut through the Gorgoglione Formation deposits which, in this area, consist of thick beds
of yellowish sandstone alternating with thin clay intervals (Figure 11a). Faults are oriented
10◦ N–20◦ E, with an average dip angle of 60◦, and show displacements ranging from
few decimetres to a minimum of 3 m and spacing varying form few decimetres to some
meters. Fracture intensity within the fault-bounded blocks has been analysed by means
of two scanlines (Figure 11b) that have been oriented parallel to the two main sandstone
beds. Histograms (Figure 11c) show high values of fracture intensity approaching the
fault A, which is characterized by the maximum displacement, and in the central part of
the outcrop, where the closely spaced faults C and D bound a narrow sandstone block.
Fractures are oriented NNE-SSW in average, which is consistent with the orientation of
the minor antithetic faults and of the Figliarola master fault and appear arranged into two
conjugate sets, showing dip angles of 45–55◦ (Figure 11d). Less commonly, a third set
showing steeper dip angles can be detected (Figure 11d).
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Figure 11. Minor antithetic faults, identified by letters A to D, in the Gorgoglione Formation exposed at the hangingwall of
the Figliarola Fault. (a) outcrop photograph; (b) interpretation showing the position of two scanlines measured along two
main sandstone beds; (c) diagrams of the fracture intensity measured along the two scanlines; (d) stereoplots showing the
orientation of fault planes and fractures in each fault-bounded block shown in (b).
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Seismic Profiles

A series of seismic profiles, acquired during exploration of the Val d’Agri oil field by
ENI, provide support on the subsurface geometry of the Tempa del Vento and Figliarola
faults. In particular, the geometrical features of the two faults are imaged in seismic lines
S1 and S2 (Figure 12; see traces of seismic profiles in Figure 2). The two profiles can be
interpreted in light of the stratigraphic data provided by the Costa Molina 2 and Tempa
del Vento well logs [30] and VIDEPI web site. In both the seismic profiles the faults tend to
join downwards while cutting through the tectonic contact separating the Liguride from
the Lagonegro Units (Figure 12).

Figure 12. (a) Seismic line S1; (b) interpretation; (c) Seismic line S2; (d) interpretation. Interpretations are based on the
stratigraphy of the Tempa del Vento and Costa Molina 2 well logs. The Costa Molina 2 well has been projected orthogonally
to the seismic sections.

Moreover, line S1 clearly shows a rollover anticline at the hanging wall of the Tempa
del Vento and Figliarola faults, which is consistent with a listric geometry of the fault
trajectory. It also shows a series of antithetic normal faults affecting the rollover anticline,
which likely resulted from crestal collapse [65] during slip along the listric fault. The curved
geometry displayed by the two faults at depth is also consistent with a listric geometry,
even though velocity effects connected to lithological differences between the Liguride
and the Lagonegro Units cannot be excluded. It is important to note that the apparent dip
angles of the fault planes decrease from line S2 to line S1, due to the different orientations
of the seismic profiles with respect to the strike of the faults. The listric geometry and the
tendency of the two structures to join at depth indicates that Figliarola and the Tempa del
Vento faults are connected and rooted at a common detachment level.

8. Discussion

The detailed stratigraphic and structural analysis carried out along the southeastern
sector of the Agri Valley, with the support of new biostratigraphic data, enabled us to
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redefine the geological setting of an important sector of the Agri Valley, where the dis-
tinction between different Cenozoic flyschoid units allowed the detection of important
tectonic structures. In particular, mapping, correlation and age attribution of different
marly intervals allowed us to extend the presence of the Albidona Formation in an area
previously ascribed to the Gorgoglione Formation, with the NE-trending Tempa del Vento
Fault tectonically separating the two formations. The new findings represent an important
update for the available geological maps (sheets 505 and 506 [5,6]) and encourage further
discussion about the age of the Albidona Formation. They also provide new evidence for
understanding the relationships between tectonics and sedimentation in thrust-sheet top
basins, which is crucial for reconstructing the tectonic evolution of the southern Apennines
thrust and fold belt. The main implications will be discussed in the next sections.

8.1. Statigraphic Characteristics and Age of the Albidona Formation at the Monte dell’Agresto in
Comparison with the Albidona Formation Type-Area

The stratigraphic succession exposed at Monte dell’Agresto share many characteristics
with the Albidona Formation succession exposed in the type-area [33]. Lithological and
stratigraphical similarities are represented by the common occurrence of a lower portion
(member B–C) consisting of alternating sandstone, clay and marly intervals and an upper
portion (member D) characterized by alternating coarse-grained sandstones and conglom-
erates. Another striking similarity is the middle-late Eocene age exhibited by both the
study succession and the Albidona type-area succession, according to Baruffini et al. [33].
Nevertheless, regarding the age attribution, some significant discrepancies emerged as
well. In fact, while the Barthonian/lower Priabonian age of member D is consistent with
the type-area succession, the age of member B–C is different. Very interestingly, the time
span encompassed by member B–C at Monte dell’Agresto includes the boundary between
the biozones NP15 and NP16 that, in the Albidona type-area is not preserved because
of an unconformity producing an important intraformational hiatus at the base of mem-
ber D. This means that the studied succession shows a less pronounced unconformity
between members B–C and D, probably indicating that the Albidona Formation of Monte
dell’Agresto was less affected by synsedimentary tectonics and basin instability when
compared to the type-area. In conclusion, the member B–C of the Albidona succession
exposed at Monte dell’Agresto can be considered in part complementary with that exposed
in the type-area.

The Eocene ages obtained in the present study might be useful for discussing the
effective age of the Albidona Formation exposed in the Agri Valley area. In fact, it strongly
contrasts with the early Miocene age indicated in the official geological maps [5,6]. In
our opinion, this latter age attribution is not robustly supported by data. In fact, based
on the descriptions accompanying the maps, this age has been inferred by stratigraphic
intervals located outside of the mapped areas. In addition, the authors never considered
the Agresto succession for age determinations, since it was originally attributed to the
Gorgoglione Formation.

The Eocene age is also supported by subsurface data provided by hydrocarbon wells.
In particular, the Costa Molina 2 and Costa Molina 3 wells (Figure 2) clearly report the
occurrence of Eocene deposits attributable to the Albidona Formation. Moreover, the
Tempa del Vento well (Figure 2) shows the occurrence of Eocene deposits right below the
Gorgoglione basal unconformity. The Costa Molina 1 well log reports the occurrence of
Miocene deposits in the first hundreds of meters. However, more recent stratigraphic
reinterpretations carried out by ENI, have questioned this age.

Said that, we cannot exclude that the uppermost portion of the Albidona Formation
can be attributed to the lower Miocene, as recently documented in the type-area [46].
However, our data indicate that a large portion of this formation was deposited during
the Eocene. A similar age interpretation is provided in the stratigraphic scheme by Vez-
zani et al. [48], where the Albidona Formation encompasses the Eocene—early Miocene
age interval.
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8.2. Geodynamic Significance of the Albidona Formation

Clast composition of coarse-grained sediments pertaining to the Albidona Formation
provides useful indications about the tectonically active source areas and consequently on
the geodynamic scenario at the time of deposition. Obviously, particularly suited at this
aim are the coarse-grained sediments represented by conglomerates and the level of pebbly
mudstone. The study of these lithologies revealed that most of the clasts derived from a
crystalline basement comparable to the uppermost portion of the continental crustal section
exposed in the Sila Massif of Calabria [66], where low to medium grade metamorphic rocks
are intruded by granodiorites and by later porphyritic dykes [67,68]. On the other hand,
the ophiolitic material occurring in the pebbly mudstone, mainly represented by pillow
basalts, microgabbro and reddish to greenish cherts, is consistent with the provenance of
these clasts from the Liguride accretionary wedge, whose relics are currently exposed in the
Pollino area of Basilicata and in Northern Calabria [4,22,69,70]. Therefore, the available data
clearly suggest that the Calabrian Arc and the Liguride oceanic palaeodomain were strongly
involved by active tectonics in the source area of the Albidona Formation, corresponding
to the Liguride accredionary wedge. The search for evidence about a possible involvement
in the deformation of the African paleomargin has been fruitless since no pebbles clearly
derived from either the Apennine Platform or the Lagonegro Basin have been recognized.
Possible sediments sourced from the Apennine Platform might be represented by the marly
intervals. However, according to Colella and Zuffa [35], they could just represent very
distal sediments supplied by the western margin of the platform located in the foreland
setting of the Liguride accretionary wedge. Moreover, very fine grained megaturbidites,
such as those generated by tsunami waves, might travel for long distances and transport
large amount of carbonate mud, as indicated by Cita et al. ii [38] for the homogenites of
the Mediterranean basin. In conclusion, our evidence about clast composition are in good
agreement with the geodynamic model proposed by Patacca and Scandone [2] and Vezzani
et al. ii [48] which suggests that the Albidona Formation was deposited in a thrust sheet
top basin located above the Calabride/Liguride accretionary wedge, during subduction of
the oceanic crust of the Ligurian Tethys. Deep subduction followed by fast exhumation of
the Tethyan crust during Eocene is documented by radiometric ages and thermobarometry
obtained for high-P bluschists from Northern Calabria [71,72].

8.3. Tectonic Setting of the Study Area

Study on fold axes orientations in the investigated area revealed the presence of at
least two folding phases showing E-W and NW-SE hinge directions (stereoplot C and D in
Figure 8). Occurrence of E-W hinge orientations represent an anomaly for the considered
sector of the southern Apennines, where N- to NW-trending structures with an average
NE-facing tectonic transport direction have been recognized [73]. This anomaly further
supports the results obtained by the study of clast composition namely that the Albidona
Formation was deposited in a thrust top basin on the Liguride accretionary wedge that
underwent deformation during subduction of the Ligurian Tethys. In fact, the southwards
vergence of the D1 folds recognized in the Albidona Formation can be compared with
similar structures, showing a tectonic transport toward SW, recognized in the internal Units
of the southern Apennines by Vitale and Ciarcia [74]. The same Authors refer the age of
this early deformation stage to the early-middle Miocene. Folding stage D2 is related to
later evolutionary stages of the southern Apennines thrust belt.

8.4. Significance and Interpretation of the NE-Trending Faults

NE-trending faults occurring in the southern Apennines are largely associated with the
Pliocene to Pleistocene evolution of the thrust belt. These tectonic structures generally consist
of either right or left—lateral strike slip faults offsetting pre-existing contractional structures,
associated with the build-up of the chain, or forming lateral ramps accommodating the
thrust emplacement [8,75]. Although predominant, NE-trending strike slip faults are not
exclusive in the southern Apennines and an increasing number of NE-trending normal
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faults have been recognized. These latter faults have been associated to earlier extensional
tectonic stages [76] or to the activation of low—angle normal faults (LANF) [77–79].

The NE-trending Figliarola and the Tempa del Vento faults represent the main exten-
sional structures recognized in the study area. Standing on the geometrical characteristics
described in the previous sections, such as the listric geometry observed in the seismic
profiles, these structures can be interpreted as SE-dipping intermediate to low angle normal
faults. A geological cross-section (Figure 13) allowed assessing the cumulative displace-
ment of the Tempa del Vento and Figliarola faults.

 

Figure 13. Interpretative cross-section of the M. dell’Agresto—Contrada La Rossa area, showing the overall geometry and
displacement of the Figliarola—Tempa del Vento Fault system. Legend: (a) marly marker horizon; (b) microconglomerate;
(c) sandstone; (d) conglomerate.

The interpretation presented in the geological cross-section relies on the aforemen-
tioned seismic lines and on the data obtained from the Costa Molina 2 and Tempa del
Vento wells (Figures 2 and 13). Considering that both normal faults are probably rooted at
a common detachment level, the Figliarola Fault can be interpreted as the major structure
and the Tempa del Vento Fault as a secondary splay. The cumulative displacement of
the two faults can be estimated by considering the marly marker horizon recognized by
geological mapping at the footwall of the Figliarola Fault, within the Albidona member
B–C, and a similar horizon recognized in the stratigraphic log of the Tempa del Vento
well, located at a depth of 1550 m at the hangingwall of the Tempa del Vento Fault. By
considering this marker bed, the cumulative displacement of the Figliarola and Tempa del
Vento Faults can be estimated at about 1800 m.
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8.5. Further Implications

Recognition of the Albidona Formation and previously unknown tectonic structures
in the study area has important consequences on reservoir modelling in the Val d’Agri oil
field. In particular, based on the present study, it will be possible to update the seismic
velocity model, considering the petrophysical characteristics of the Albidona Formation
instead of the Gorgoglione Formation. In addition, faults recognized for the first time in
the study area will be considered in order to improve the 3D model of the Agri Valley.

The widespread presence of the Albidona Formation in the study area has also strong
environmental implications regarding, in particular, the definition of the chemical compo-
sition of soils. Knowledge of the composition of soils developed on peculiar rock types
is fundamental for differentiating the background concertation of elements connected to
either geogenic or anthropogenic processes. In this context, the recognition of the pebbly
mudstone interval of the Albidona Formation, containing clasts derived from ophiolitic,
igneous and metamorphic source areas, can be helpful in better understanding anomalous
concentrations of some elements in soils.

9. Conclusions

The present work stresses on the importance of performing an accurate field mapping
for the understanding of surface and subsurface geology. At this aim we presented the
case study of the Agri Valley in southern Italy where field survey allowed to revise the
distribution of two major Cenozoic turbiditic units of the Southern Apennines (the Albidona
and Gorgoglione Formations) and to identify three distinct stratigraphic marker intervals
in the Albidona Formation that resulted very useful for stratigraphic correlations both in
outcrop and subsurface. From the older to the younger the three intervals are (i) a 40 m
thick marly interval, (ii) a pebbly mudstone and (iii) a sandstone interval.

Biostratigraphic analysis performed on the marly level and other similar intervals
distributed at different stratigraphic highs in the study succession allowed the attribution
of the Albidona Formation to the Eocene. Different facies characteristics and age determi-
nations allowed the differentiation of the Albidona Formation in two members, with the
older one, identified as member B–C, Lutetian in Age, consisting of alternating sandstones
and clays and the younger one, Barthonian/Priabonian in age, identified as member D,
consisting in alternating sandstones and conglomerates.

The geometrical relationships between the two members and with the Miocene Gor-
goglione Formation allowed recognising two major NE-trending normal faults, docu-
mented for the first time in the study area. These structures, named, respectively, as
Figliarola and Tempa del Vento faults, have also been recognized in the subsurface by
means available seismic lines provided by ENI.

Recognition of the marker marly horizon in the stratigraphy of Costa Molina and
Tempa del Vento wells allowed us to calculate the cumulative displacement of the Figliarola
and Tempa del Vento Faults that can be estimated to about 1800 m.
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Abstract: We present a structural study on the tectonic windows of Giffoni and Campagna, located in
the western sector of the southern Apennines (Italy). We analyzed thrusts, folds, and related minor
deformation structures. Here, a major in-sequence E-verging thrust fault juxtaposes Meso-Cenozoic
successions of the Apennine Platform (Picentini Mts unit) and the Lagonegro-Molise Basin
(Frigento unit). However, out-of-sequence thrusts duplicated the tectonic pile with the interposition
of the upper Miocene wedge-top basin deposits of the Castelvetere Group. We reconstructed the
orogenic evolution of these two tectonic windows, including five deformation phases. The first
(D1) was related to the in-sequence thrusting with minor thrusts and folds, widespread both in the
footwall and the hanging wall. A subsequent extension (D2) has formed normal faults crosscutting
the D1 thrusts and folds. All structures were subsequently affected by two shortening stages (D3 and
D4), which also deformed the upper Miocene wedge top basin deposits of the Castelvetere Group.
We interpreted the D3–D4 structures as related to an out-of-sequence thrust system defined by a
main frontal E-verging thrust and lateral ramps characterized by N and S vergences. Low-angle
normal faults were formed in the hanging wall of the major thrusts. Out-of-sequence thrusts are
observed in the whole southern Apennines, recording a crustal shortening event that occurred in the
late Messinian–early Pliocene. Finally, we suggest that the two tectonic windows are the result of
the formation of an E–W trending regional antiform, associated with a late S-verging back-thrust,
that has been eroded and crosscut by normal faults (D5) in the Early Pleistocene.

Keywords: southern Apennines; out-of-sequence thrust; wedge-top basin; tectonic window

1. Introduction

The fold-and-thrust belt of the southern Apennines (Figure 1) is defined by low- and high-angle
thrusts [1–9]. Thin-skinned tectonics, characterized by dominant low-angle thrusts, has been active
mainly in the first part of the orogenic evolution, from the early Miocene to the early Pliocene,
recording most of the orogenic shortening (e.g., [2,10]). On the other hand, thick-skinned tectonics,
defined by high-angle thrusts, played a significative role in the crustal shortening during the
Pliocene–Middle Pleistocene; they were nucleated at deeper structural levels showing smaller
displacements (e.g., [1,4,7,8]). Thick-skinned tectonics has probably acted through the positive
inversion of pre-existing normal faults located in the Permo-Triassic rocks of the downgoing Adria
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plate [3], likely triggered by the buttressing of the thick Apulian Mesozoic carbonates against
the allochthonous wedge in the early Pliocene [6,11]. The fault inversion generated deep-seated
envelopment thrusts [12,13] that crosscut upward the already formed orogenic wedge and presently
appear as out-of-sequence structures (Figure 1b; [11,14,15]). In the axial sector of the southern
Apennine chain, these ramp-dominated thrusts have formed several anticlines within the buried
Apulian carbonates that originated hydrocarbon traps presently drilled and exploited (e.g., [16]).
These envelopment thrusts are widespread in the southern Apennines (e.g., [11,14,15,17]), frequently
deforming the upper Miocene–Middle Pleistocene wedge-top basin deposits both in the western and
eastern sectors of the chain. However, few studies have provided information about the orientation,
structural style, kinematics, and age of these out-of-sequence structures (e.g., [11,14,15]). In this work,
we analyzed the tectonic windows of Giffoni and Campagna in the southern Apennines (Figure 1a),
where in- and out-of-sequence thrusts and related structures are remarkably exposed. These two
regional structures have been previously studied by different authors [18–22] and were mapped in the
new official geological cartography [23,24]. We present a detailed study of the mesoscale deformation
structures, with the aim to reconstruct the orogenic evolution of this key sector of the chain, where a
crustal section of the allochthonous wedge is naturally exposed.

Figure 1. Cont.
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Figure 1. (a) Schematic geological map of the southern Apennines. (b) Geological cross-section. (a,b)
modified after [8].

2. Geological Setting

The superposition of different thrust-sheets characterizes the study area (Figure 1a,b). The main
tectonic units refer to three paleogeographic domains: (i) Ligurian Accretionary Complex (Parasicilide
unit; [25–31]); (ii) Apennine Platform (Picentini Mts and Mt Croce units; [7,8,19–24,32–39]);
(iii) Lagonegro-Molise Basin (Frigento unit; [7,8,10,40–44]).

The Parasicilide unit is widely exposed in the Sele River valley and the Salerno area (Figure 1a). It is
made up of deep-basin deposits (Figure 2), including at the base of the uppermost Cretaceous–middle
Eocene pelitic Argille Scagliose Fm, upward passing to upper Eocene–Aquitanian marly-calcareous
M. S. Arcangelo Fm and varicolored clays of the Argille Varicolori Fm. Burdigalian foredeep sandstones
of the Albanella Fm seal the Parasicilide succession.

The Picentini Mts unit mainly consists of a thick shallow-water succession (Figure 2) with at
base Carnian–Norian dolostones and limestones, upward passing to Jurassic–Upper Cretaceous
dolomitic limestones and limestones. Pelagic dolostones and limestones with cherts locally replace
the shallow-water Norian–Lower Jurassic succession. At places, the Maastrichtian–Paleocene margin
recrystallized calcareous breccias (Calcari Cristallini Fm) cover the Mesozoic succession.

The Monte Croce unit, exposed only in the Campagna tectonic window, is composed, from bottom
to top (Figure 2), of Upper Cretaceous–lower Aquitanian margin recrystallized breccias, calcarenites,
and scaglia-like reddish argillites (Fontana Frasci Fm) upward passing to Aquitanian–Serravallian
deep basin, scaglia-like, pelitic, marly, and calciclastic turbidites and, finally, Serravallian foredeep
sandstones (Fontana Porcellara Fm and Vallimala Flysch). The lower part of the succession is partially
replaced by diagenetic dolomite.

The Frigento unit (Figure 2) consists of Ladinian–Carnian, slope to basin, calcilutites,
and sandstones embedding boundstone bodies (Monte Facito Fm) at the base, covered by
Carnian–Norian cherty calcarenites and calcilutites (Calcari con Selce Fm). The succession passes
upward to Rhaetian–Jurassic radiolarites and reddish and greenish silicized argillites (Scisti Silicei Fm),
and Lower Cretaceous dark siliceous shales with intercalations of calcilutites (Flysch Galestrino Fm).
Finally, Upper Cretaceous–lower Miocene calcarenites, calcilutites, and varicolored clays (Flysch Rosso
Fm), Langhian Numidian sandstones, and Serravallian foredeep sandstones of Serra Palazzo Fm cover
the whole succession.

All tectonic units are sealed by the wedge-top basin deposit of the Castelvetere Group (CVTG),
which in the Campagna tectonic windows is represented by the Fontana Frigine Fm. Other uppermost
Messinian–Pliocene wedge-top basin deposits, with minor extension, unconformably cover the older
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successions. Finally, Lower–Middle Pleistocene alluvial and lacustrine clastic deposits, including the
Eboli conglomerates, extensively cover the analyzed area.

 
Figure 2. Schematic stratigraphic logs of the successions exposed in the Giffoni and Campagna tectonic
windows (modified after [11]).

The Campagna tectonic window is a 12 km long E–W trending structure (Figure 3). Here,
a complex thrust-sheet pile is tectonically exposed below the Apennine Platform succession (Picentini
Mts unit). From top to bottom, the footwall consists of the Mt Croce unit (Apennine Platform margin),
covered by the upper Miocene wedge-top basin of the Castelvetere Group (CVTG), sandwiched
between the Frigento unit (Lagonegro-Molise Basin) thrust-sheets.

The Giffoni tectonic window (Figure 4) includes a larger structure (Giffoni Sei Casali) and two
minor windows (Giffoni Valle Piana). Here, the Frigento unit is exposed, tectonically covered by the
Picentini Mts unit. Both the Giffoni and Campagna areas host low-angle normal faults (LANFs; [22,23])
and high-angle normal faults. The latter structures frequently hide the exposition of the thrust faults.
In particular, Lower Pleistocene SW-dipping normal faults, with hundreds of meters of displacement,
lowered the SW sector (Salerno Plain), bringing near the highest thrust-sheet (Parasicilide unit) and
the lowest succession (Triassic rocks) of the Picentini Mts unit. The volumetrically massive deposits of
Eboli Conglomerates are associated with the activity of these normal faults [45].
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Figure 3. Geological map of the Campagna tectonic window (modified after [23,24]). WGS84-F33N Projection.

 
Figure 4. Geological map of the Giffoni tectonic window (modified after [23]). WGS84-F33N Projection.
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3. Structures

In the following paragraphs, we illustrate the mesoscale structures observed in the tectonic
windows of Campagna and Giffoni. To discriminate between out- and in-sequence thrusts, we used,
as a criterion to identify the out-of-sequence structures, involvement in the thrusting of the wedge-top
basin deposit of CVTG, whose sedimentation occurred within basins located on top of the already
structured thrust-sheet prism. To reconstruct the chronology of the deformation structures, we analyzed
the superposition relations between them. In not all areas, structures with different ages are sufficiently
exposed. For this reason, we first illustrate the Salitto area because of the exposure completeness
of the deformation structures that allowed us to reconstruct the temporal succession of the different
deformation stages.

3.1. Campagna Tectonic Window

In the Salitto area (Figure 3), well-exposed structures occur in the footwall of the out-of-sequence
thrust that places the Frigento unit above the Monte Croce unit with the interposition of the CVTG
deposits. The oldest deformation structures are well-recorded in the Mt Croce unit. They are overturned
tight folds (F1) associated with thrust faults (TF1; Figure 5a–c). These structures are cut by normal
faults (NF2) frequently appearing as oblique faults (Figure 5a,c). Usually, drag folds are associated
with these extensional faults (Figure 5c,d). F1, TF1, and NF2 structures are, in turn, deformed by
late thrust faults and associated folds (Figure 5a,c–e, and Figure 6a,e,g). TF3 thrust faults are more
developed in the Salitto area, frequently parallel to the NF2 faults (Figure 5d), at places forming
conjugate sets (Figure 5e). In many instances, the calcareous beds of the Mt Croce unit host tectonic
stylolites orthogonal to the bedding. Commonly, they form two orthogonal sets, suggesting E–W and
N–S shortening directions, with the last one the youngest (Figure 5f).

TF3 thrust faults are locally tilted by folding associated with the late TF4 thrusts and presently
appearing as strike-slip faults with a ramp-flat geometry and associated vertical folds (Figure 6a).
At mesoscale, the two late thrusting events (TF3 and TF4) and associated fold sets (F3 and F4) form
interference patterns such as that illustrated in Figure 6b where a TF3 and related F3 fold, verging to
NE, are folded by an F4 fold, indicating an almost perpendicular NW–SE shortening. The two folds
form a dome structure (type 1 of Ramsay’s classification; [46]).

In the marly layers of the Mt Croce succession, the more developed F3 folding forms an axial plane
cleavage (Figure 6c,d) dipping to the west. These two sets of late thrusts also deform the sandstones
and conglomerates of the CVTG (Figure 6e–g). Minor thrusts (Figure 6e) and folds (Figure 6f) occur
within the CVTG conglomerates with the development, in the marly layers, of an axial plane cleavage
(Figure 6f). Finally, it is common to observe on the slickenside plane of thrust faults, hosted in the
CVTG sandstones, two orthogonal fiber sets, E- and N-verging, with the latter generally superposed to
the former one (Figure 6g).

Poles to bedding form a rough NE–SW-directed girdle (Figure 7a), with the main cluster suggesting
a mean moderately SW-dipping bedding for the Salitto area. The projection of the fold axes (A1) of
the folding set (F1) indicates dominant subhorizontal NW–SE-directed structures with some steep
axes (Figure 7b). Poles to axial planes (AP1) suggest a dominant NE vergence (Figure 7c), as well as
the few measured TF1 thrust faults (Figure 7d). Because the subsequent folds tilted older structures,
such as the TF1, we restored them, reporting to horizontal the bedding. Hence, we rotated each tilted
TF1 thrust faults (Figure 7e). We used as the rotation-axis, the direction line of the measured bedding
crosscut by the thrust fault, and the bedding dip as the rotation angle. After the rotation, the data
inversion indicates a NE–SW shortening (Figure 7f).
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Figure 5. Campagna tectonic window (Salitto). Mt Croce unit: (a) early fold and thrusts (TF1) crosscut
by normal faults (NF2) subsequently cut by a late thrust (TF3); (b) early thrust fault (TF1) verging to
the east with an associated overturned syncline in the footwall, the fold host veins in the outer arc,
and cleavage in the inner arc; (c) early normal faults (NF2) subsequently deformed by a late thrust
fault (TF3); (d) normal (NF2) and thrust (TF3) faults; (e) conjugate thrust faults; (f) two orthogonal sets
of stylolites.
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Figure 6. Campagna tectonic window (Salitto). Mt Croce unit: (a) W-verging thrust (TF3) subsequently
tilted by an N–S shortening (D4 stage). (b) Dome-and-basin interference pattern between the two
orthogonal folding events related to the D3 and D4 stages; (c) macro-scale overturned fold in the marls
and sandstones; (d) fold axial plane cleavage associated with the macro-scale fold. CVTG: (e) minor
thrust fault and hanging wall anticline in the CVTG. (f) Minor fold in the CVTG conglomerate; (g) two
orthogonal sets of slickenside fibers along the same thrust plane.
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Figure 7. Salitto (Campagna tectonic window). (a–s) Stereographic projections (lower hemisphere,
equiareal net) and PBT plots of the analyzed structures described in the text. A—fold axis; AP—axial
plane; NF—normal fault; TF—thrust fault. S—tectonic foliation. Color bar indicates the density
percentile of the contour plot. (f) θ = 30◦; mean vectors; P: 055/04 (R = 85%); T: 143/11 (R = 83%);
B: 324/82 (R = 87%). (i) θ = 44◦; mean vectors; P: 076/86 (R = 74%); T: 268/09 (R = 65%); B: 181/03
(R = 75%). (m) θ = 54◦; mean vectors; P: 232/03 (R = 75%); T: 144/02 (R = 80%); B: 316/88 (R = 87%).
(r) θ = 40◦; mean vectors; P: 349/06 (R = 70%); T: 085/01 (R = 50%); B: 166/76 (R = 68%).
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We inverted fault kinematic data by the PBT method [47] that provides for every fault, defined
by plane attitude, slip orientation, and kinematics, the axis of maximum shortening (P), maximum
stretching (T), and the intermediate axis (B), orthogonal to the P–T plane. We used the software
TectonicsFP (version 1.79; [48]), which allows one to calculate the best-fit angle (θ), minimizing the
sum of all misfit angles between the measured slip direction and the calculated maximum shear stress.
Furthermore, the software also provides the confidence cones of every axis expressed as a percentile
(%R). In the case of lacking conjugate faults, we used a fixed value of angle θ equal to 30◦ for all
fault-slip data.

NF2 faults show dominant strike-slip kinematics (Figure 7g); however, when restored (Figure 7h),
they indicate dominant normal kinematics. The inversion of the NF2 data suggests an N–S extension
(Figure 7i). A3 fold axes are mainly subhorizontal with a dominant NNW–SSE direction (Figure 7j),
and poles to AP3 axial planes (Figure 7k) form a girdle suggesting an ENE–WSW shortening. TF3 thrust
faults generally are moderately dipping to SW (Figure 7l), marking a NE–SW shortening (Figure 7m).
In addition, the poles to S3 cleavage (Figure 7n) provide a mean moderately SW-dipping plane. A4 fold
axes are generally gently dipping or subhorizontal with an E–W direction (Figure 7o), and AP4 poles
indicate a dominant N-vergence (Figure 7p), as well as the TF4 thrust faults (Figure 7q), which inversion
furnishes an N–S shortening (Figure 7r). Finally, poles to stylolites (Figure 7s) indicate two main
shortening directions: NNE-SSW (main) and E–W (secondary).

In the Acerno-Tusciano River area (Figure 3), D3 and D4 structures are better-developed with
respect to the D1 and D2 structures. Several mesoscale D4 back-thrusts affect the Mt Croce unit
frequently with associated anticline and syncline in the hanging wall and footwall, respectively
(Figure 8a). A decametric-sized shear zone is located in the footwall of a main FT4 thrust (Figure 8b).
Here, shales and marly levels are characterized by widespread S-C structures, with shear planes (C)
forming low-angles to the bedding (Figure 8b) and indicating a mean SSW vergence. F3 and F4 folds
are from open to tight (Figure 8c–e). The F3 folds form an interference pattern of type 3 of Ramsay’s
classification [46] with the F1 folds (Figure 8d) and of type 2 with the F4 folds (Figure 8e). In the
Campagna area, the hanging wall carbonates host several LANFs. The largest is localized in Mt Raione
(Figure 3). Here, the western slope of the mountain is defined by the superposition of Jurassic onto
Triassic rocks through a LANF. This structure is highlighted by the increase in the Jurassic succession
thickness toward the NE. A segment of the Mt Raione LANF is exposed in the Ripe di Pappamondo
(Figure 3); here, a major low-angle normal fault separates the Jurassic limestones in the hanging wall
and Triassic dolomites in the footwall with a well-developed cataclasite (Figure 8f). Here, the gently
dipping fault plane shows small ramps where slickenside striations occur, indicating normal kinematics
(Figure 8g).

A3 fold axes are generally subhorizontal and N–S directed (Figure 9a). Poles to AP3 axial planes
form an E–W girdle (Figure 9b), indicating both vergences to E and W, as well as the TF3 thrust faults
(Figure 9c). The inversion of fault data suggests an ESE–WNW shortening (Figure 9d). A4 fold axes
(Figure 9e) are about subhorizontal with a main WSW–ENE direction. AP4 poles form a girdle with a
main cluster indicating dominant SSE dipping planes (Figure 9f). Finally, TF4 thrust faults show both
vergences to N and S (Figure 9g), and the PBT plot suggests an N–S shortening (Figure 9h). S and C
planes of the S-C structures (Figure 9i) generally dip to N/NE, with the C-planes showing lower dip
angles. We calculated the attitude of the reverse slip vectors as that of the line forming an angle of 90◦
from the intersection between S and C planes. The projection of the C-shear planes and corresponding
slip vectors (Figure 9i) indicates a prevalence of sense of shear top to the south. LANFs measured in
the Ripe di Pappamondo area are characterized by planes and slip vectors dipping both to the north
and south (Figure 9j). The inversion of LANF kinematic data indicates an N–S extension (Figure 9k).
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Figure 8. Campagna tectonic window (Acerno-Tusciano River). Mt Croce unit: (a) thrust fault (TF4)
verging to SW with associated anticline and syncline in the hanging wall and footwall, respectively;
(b) shear zone located in the footwall of a TF4 with S-C structures (S is the tectonic cleavage S1 associated
to the D1 deformation); (c) F3 folds verging to W. Interference pattern between F3 and F4 folds: (d) type
3; (e) type 2. (f) Low-angle normal fault (LANF) located between Triassic dolomites (footwall) and
Jurassic limestones (hanging wall) of the Apennine Platform (Ripe di Pappamondo). (g) Particulars of
the LANF of the previous image, showing the gently dipping fault plane with slickenside striations.
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Figure 9. Acerno-Tusciano River (Campagna tectonic window). (a–l) Stereographic projections
(lower hemisphere, equiareal net) and PBT plots of the analyzed structures described in the text.
A—fold axis; AP—axial plane; TF—thrust fault. Color bar indicates the density percentile of the contour
plot. (d) θ = 26◦; mean vectors; P: 280/01 (R = 81%); T: 011/14 (R = 84%); B: 178/78 (R = 90%). (h) θ = 26◦;
mean vectors; P: 187/00 (R = 79%); T: 097/06 (R = 82%); B: 283/86 (R = 85%). (l) θ = 70◦; mean vectors; P:
258/84 (R = 92%); T: 079/07 (R = 91%); B: 169/01 (R = 92%).

3.2. Giffoni Tectonic Window

The structural survey of the Giffoni Valle Piana and Giffoni Sei Casali areas was carried out in
the localities of Sieti, Prepezzano, and Mercato villages (Figure 4). In-sequence thrust faults (TF1) are
excellently exposed in these areas. Generally, Carnian dolomites of the Picentini Mts unit tectonically
superpose on the Lower Jurassic silicized argillites of the Frigento unit (Figure 10a,b). In the Prepezzano
locality, dolomites in the hanging wall are characterized by an intense fracturing, and frequently,
a cataclasite made exclusively of dolomitic clasts occurs associated with the TF1 thrust (Figure 10b).
Several Riedle shears crosscut the F1 thrust plane (Figure 10c), indicating a SE vergence. Rocks located
in the footwall (Scisti Silicei Fm) host several deformation structures. The oldest ones are minor thrust
faults (Figure 10d,e), probably associated with the in-sequence thrusts. These early structures are
dislocated by normal faults subsequently tilted and now commonly appearing with reverse kinematics
(Figure 10d–f). Similar early thrust faults are also hosted in the Calcari con Selce Fm (Figure 10g).
All described structures are deformed by subsequent thrusting and folding stages. Similarly to the
previous analyzed areas, we observed two sets of late thrusts (TF3-4). TF3 thrusts are defined by
vergences both to E and W, whereas TF4 thrusts show dominant N-vergences. Riedel shears occur
associated with both structures.
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Figure 10. Giffoni tectonic window. (a,b) in-sequence thrust (TF1) between the Apennine Platform
unit (Triassic dolomites) in the hanging wall and the Frigento unit (Scisti Silicei Fm) in the footwall
(Prepezzano). (c) Riedle shears crosscutting the TF1 thrust fault plane. Frigento unit (Scisti Silicei
Fm): (d,e) tilted conjugate normal faults (NF2) crosscutting thrust faults (TF1) (Prepezzano). (f) Tilted
conjugate normal faults (Sieti). (g) Minor thrust faults (TF1) in Calcari con Selce Fm (Giffoni Valle
Piana). (h) LANF in Rhaetian–Jurassic dolostones (Giffoni Valle Piana). (i) Fault gauge associated with
the LANF of the previous picture. (j) minor LANFs in Carnian well-bedded limestones (Prepezzano).

As reported in Figure 4, the tectonic window is characterized by the occurrence of LANFs, such as
the Campagna area. A well-exposed LANF occurs in the Rhaetian–Jurassic dolostones in the hanging
wall of the Giffoni Valle Piana tectonic window (Figure 10h). A gauge is present along the fault plane
(Figure 10i). This LANF dips to ESE with an angle of 30◦ (stereographic projection of Figure 10h).
LANFs with minor displacements are widespread in the area, such as illustrated in Figure 10j, always
showing a down to E/SE sense of shear.

Poles to bedding (Figure 11a) form a main cluster indicating a mean moderately W-dipping plane
(mean value 283/29). A1 fold axes are subhorizontal with a NE–SW direction (Figure 11b). Poles to AP1
axial planes form an NW–SE girdle distribution (Figure 11c). The Riedel shears associated with the TF1
thrust faults (Figure 11d), when restored, indicate a mean ESE vergence (Figure 11e). Tilted NF2 normal
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faults (Figure 11f) when restored (Figure 11g) suggest an E–W extension (Figure 11h). TF3 thrust faults
form conjugate sets, both verging to W and E (Figure 11i) with the PBT plot, marking an E–W shortening
(Figure 11j). Riedel shears associated with TF3 thrusts indicate both W and E vergences (Figure 11k).
Finally, TF4 thrust faults are mainly dipping to NNW, indicating an SSE vergence (Figure 11l). The PBT
plot (Figure 11m) shows an NNW–SSE shortening. The few Riedel shears furnish an NNW vergence
(Figure 11n).

 
Figure 11. Giffoni tectonic window. (a–n) Stereographic projections (lower hemisphere, equiareal net)
and PBT plots of the analyzed structures described in the text. A—fold axis; AP—axial plane;
NF—normal fault; TF—thrust fault. (h) θ = 22◦; mean vectors; P: 141/80 (R = 88%); T: 004/10 (R = 78%);
B: 273/03 (R = 74%).(j) θ = 20◦; mean vectors; P: 277/03 (R = 82%); T: 007/01 (R = 74%); B: 119/83
(R = 90%). (m) θ = 38◦; mean vectors; P: 155/03 (R = 81%); T: 247/01 (R = 78%); B: 005/87 (R = 84%).

4. Discussion

The tectonic windows of Giffoni and Campagna provide the opportunity to study naturally exposed
sections of the allochthonous wedge both in terms of stratigraphy and tectonics. The successions
of the Picentini Mts unit (Apennine Platform) and the Frigento unit (Lagonegro-Molise Basin) are
well-studied and are widespread in the whole southern Apennines [7,8,10,21,22,32–35,38–43]. On the
contrary, the Mt Croce unit crops out only in the Campagna tectonic window, and it has been poorly
studied [19,20,35–37]. This succession shows analogies with that exposed in the Laviano area, on the
northern side of the Mt Marzano (Figures 1a and 2). The Laviano succession was recently studied
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by [49]. It is an excellent example of shallow-water Triassic–Upper Cretaceous carbonates covered by a
margin to deep basin succession from Maastrichtian to Serravallian in age. The authors relate this
deepening of the depositional environment with the Late Cretaceous–Paleogene abortive rifting that
occurred in Adria, in analogy with that observed from Libya to southern Sicily [49]. A similar margin to
slope succession characterizes the Mt Croce unit. It starts with Upper Cretaceous–Paleocene calcareous
breccias, corresponding to the Calcari Cristallini Fm, a widespread recrystallized calcareous clastic
deposit, marking the start of the platform sinking in several places of the southern Apennines [7,8,49].
The succession passes upward to a thick, scaglia-type slope calciclastics deposit and basin calcilutites,
marls, and argillites. The succession ends with Serravallian foredeep sandstones corresponding to the
similar sediments in the Laviano area. Finally, unconformable deposits of the upper Tortonian–lower
Messinian CVTG cover both successions. This close analogy suggests a similar paleogeographic
position in the uppermost Cretaceous, where they formed the eastern margin of the Apennine Platform.
Furthermore, both margin successions were involved in the same out-of-sequence thrusting event [11].

The structural analysis presented in the previous paragraphs gives us some inputs to propose a
possible reconstruction of the tectonic events of this key sector of the southern Apennines. The best place
to observe the superposition between the different orogenic stages is the Salitto outcrop (Campagna
tectonic window). Here, we have recognized the superposition of five deformation stages in the footwall
of the out-of-sequence thrust, which juxtaposes the Frigento unit onto the Mt Croce unit, with the
interposition of the CVTG rocks. The first (D1) includes regional thrusts and minor mesoscale thrusts
with related folds, all defined by a vergence to the E/SE. This in-sequence thrusting event allowed
the tectonic covering of the Apennine Platform rocks (Picentini Mts unit) onto the Lagonegro-Molise
Basin deposits (Frigento unit). The second stage (D2) was recorded by normal faults, deformed by
the subsequent shortening deformations. As suggested by [11,31], we associate this extensional event
with the formation of several structural depressions where the CVTG sediments were deposited.
A synorogenic extensional environment was also envisaged for the older Langhian–lower Tortonian
wedge-top basin deposits of the Cilento Group [27,28,31]. A recent study [50] in the Cilento area
(Figure 1a) about temperature-dependent clay minerals and vitrinite reflectance in the Cilento Group
and Mt Sacro Fm (CVTG) indicates a basin evolution marked by two phases of severe subsidence,
interpreted as the result of syn-orogenic extension at shallow crustal levels. Hence, this extensional
event occurred in the southern Apennines with the deposition of CVTG sediments within structurally
controlled depocenters. Furthermore, in several outcrops of the southern Apennines, including those
localized in the Campagna tectonic window, the base of CVTG deposits is marked by carbonate
conglomerates with an arenaceous matrix [14,15,40,51–53]. This feature could mark the erosion of
carbonates placed in the footwall of the D2 normal faults.

The latter two stages (D3 and D4), defined by thrusts, folds, S-C structures, and tectonic stylolites,
also affected the wedge-top basin deposits of CVTG, highlighting the out-of-sequence nature of these
deformation events. The first two events (D1 and D2) are also well-recorded in the Giffoni area. Here,
the Frigento unit (footwall) hosts early thrusts (D1) crosscut by normal faults (D2) and subsequently
tilted. Furthermore, the younger deformations have been recorded only as minor thrusts. In the
Acerno-Tusciano River area (Campagna tectonic window), the last two shortening stages (D3 and D4)
were mainly recorded.

According to the orientation analysis, the D1 stage was characterized by dominant NE (Salitto)
and E/SE (Giffoni) vergences. Hence, a mean tectonic transport to the east is inferred for the in-sequence
thrusting (D1) in the study area. The D2 event was defined by N–S (Salitto) and E–W (Giffoni)
extensions. These two orthogonal directions suggest a radial extensional strain field that characterized
the D2-extension in the study area. The D3 stage was characterized by NE–SW (Salitto) and E–W
(Acerno-Tusciano River and Giffoni) shortening directions with a prevalence of the NE vergence
for the Salitto area and both vergences (NE and SW) for the Acerno-Tusciano River and Giffoni
sectors. Finally, the D4 event with N–S (Salitto and Acerno-Tusciano River) and NNW–SSE (Giffoni)
shortening directions had dominant vergences toward N (Salitto), S (Giffoni), or both N and S (Giffoni).
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In order to carry out the mean shortening directions for the out-of-sequence thrusting events (D3-4),
we joined all measurements of the two tectonic windows (Figure 12a,c) and performed the PBT plots
(Figure 12b,d). The data inversion indicates the dispersion of the P-axes in both cases with mean
shortening directions about WSW–ENE- and NNW–SSE-oriented for the D3 (Figure 12b) and D4
(Figure 12d) stages, respectively. It is worth noting as in both D3 and D4 events, thrusts and back-thrusts
are equally present.

 
Figure 12. (a–d) Stereographic projections (lower hemisphere, equiareal net) and PBT plots of the total
out-of-sequence thrust faults of D3 and D4 deformation stages measured in both tectonic windows.
(b) θ = 32◦; mean vectors; P: 260/15 (R = 63%); T: 349/04 (R = 66%); B: 086/80 (R = 81%). (d) θ = 30◦;
mean vectors; P: 348/00 (R = 74%); T: 080/02 (R = 64%); B: 1466/87 (R = 77%).

As concerns the two out-of-sequence thrusting stages (D3 and D4), as shown in previous
papers [11,14,15], they form the most common shortening structures in the southern Apennines.
The age of these events is late Messinian–early Pliocene as suggested by different features, including
(i) these thrusts deform the upper Tortonian–lower Messinian deposits of CVTG; (ii) the analogy with
similar structures described in the Central Apennines dated late Messinian–early Pliocene [54–57];
(iii) recent dating of the out-of-sequence thrust of the Mt Massico [17] to 5.1 ± 3.7 Ma (early Pliocene)
through the U-Pb geochronology on synkinematic calcite fibers; and finally, (iv) the fission tracks
analysis on Apatites, collected within sandstones of the Mt Croce unit [6], furnishes an age of
5.2 ± 0.9 Ma (early Pliocene) for the oldest tectonic exhumation event of this thrust-sheet.

In the Campagna tectonic window, the D3 and D4 thrusts indicate E–W and N–S shortening
directions, such as previously described by [22] and observed in other areas of the southern
Apennines [11]. According to [11,14,15], these out-of-sequence thrusts were formed by the positive
inversion of normal faults located in the buried Apulian Platform. Some of them propagated upward,
crosscutting the overlying allochthonous wedge, and, although they form as in-sequence thrusts at
deeper structural levels with respect to the orogenic belt, they appear as out-of-sequence structures at
surface. Such tectonic features are called envelopment thrusts [12–14].

All these geological features allowed us to reconstruct three geological sections, at a regional scale,
crossing the two tectonic windows and the Mt Marzano-Laviano sector (Figure 13). To constraint the
cross-sections, we used information from Acerno01, San Gregorio Magno01, Contursi01, and Nusco02
boreholes [58,59] and the seismic profile of CROP04 interpreted by [60].

The B”-B”’ cross-section (Figure 13b) starts from the Campagna sector up to the thrust front
located on the north side of the Picentini Mts. Hence, in our reconstruction, the out-of-sequence thrust,
which allowed the superposition of the Mt Croce unit onto the Frigento unit, joins to that exposed
at the front of the Picentini Mts, such as suggested in [11]. This interpretation also suggests that the
Campagna tectonic window is related to the formation of an E–W trending antiform associated with
a blind late back-thrust rooted in the Apulian carbonates. Furthermore, we suggest that the margin
succession of Mt Croce laterally passes northward to the pelagic succession of the Frigento unit.
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Figure 13. (a) Geological map of the Giffoni and Campagna tectonic windows, Picentini Mts, Sele River
Valley, and Mt Marzano (modified after [8]). (b–d) Geological cross-sections.

The C-C” cross-section (Figure 13c) runs through the two tectonic windows up to the Sele River
Valley. In our interpretation, the out-of-sequence thrust exposed in the Campagna tectonic window
is dipping to the west, forming a frontal anticline in the hanging wall (Costa Riola fold, Figure 13a)
bounding the western side of the Sele River Valley. Furthermore, another thrust fault in the buried
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Apulian carbonates propagates upward, breaching, and forming the antiform within the Apennine
Platform carbonates (Mt Pruno fold, Figure 13a). As concerns the stratigraphy, we suggest a westward
lateral variation of the Apennine Platform carbonates (Mt Marzano unit) to the margin succession of
the Mt Croce unit. Such a hypothesis is supported by the exposition in the Sele River Valley of Calcari
Cristallini Fm below the Parasicilide unit (La Serra, Figure 13a)

Finally, section D-D′ (Figure 13d) crosscuts the Mt Marzano up to the Laviano area. Here, differently
from the Mt Croce unit, the Maastrichtian–Serravallian margin to the basin Laviano succession is
covered by the shallow-water Mesozoic carbonates of the Apennine Platform (Mt Marzano unit).
The cross-section shows as the Mt Marzano unit, rocks cover the Laviano succession with the
interposition of the CVTG through an out-of-sequence thrust propagated by the buried Apulian
carbonates. In turn, the Laviano succession overthrusts the Frigento unit again with the CVTG in the
footwall. The latter thrust has two blind splays forming two large folds in the Laviano area, and the
frontal ramp forms the anticline of Castelnuovo di Conza.

In the hanging wall of these thrusts, LANFs are present. The structural survey carried out in
this study indicates structures with slip-vectors down to SE for the Giffoni tectonic window and both
to north and south for the Campagna area. Different works studied these extensional structures in
the Giffoni area. The authors in [22,61] related these faults with the synorogenic NW–SE trending
extension parallel to the chain axis, whereas in [62], with the opening of the back-arc Marsili oceanic
basin during the late Pliocene–Pleistocene. However, in the Campagna area, these structures indicate
an N–S extension, not related to the previous directions indicated by [22,61]. Hence, we suggest
relating the formation of the LANFs to the out-of-sequence thrusting events, which over-thickened
the orogenic wedge, causing extension in the shallow level. This genetic relation is also observed
elsewhere in the southern Apennines, such as in Mt Alpi, where deep-seated thrusts allowed the
buried Apulian Platform to uplift, triggering LANFs in the overlying allochthonous wedge [63].

From a macro-scale point of view, the area around the two tectonic windows, from the Lattari to
Picentini Mts, exposes the oldest (Carnian–Norian in age) rocks of the Apennine Platform. According
to [22], we suggest that this feature is related to the formation of a very large E–W trending antiform
(about 40 km in length) and its subsequent erosion in the crest. As illustrated in the cross-section
B′′-B′′′ we related this antiform to an out-of-sequence blind thrust.

With this in mind, we reconstructed the succession of the tectono-stratigraphic events for the
Campagna and Giffoni tectonic windows between Serravallian and Early Pleistocene shown in
the scheme of Figure 14. After the Serravallian–middle Tortonian in-sequence E-verging thrusting
(Figure 14a) that juxtaposed the Apennine Platform (Picentini Mts and Mt Croce units) onto the
Lagonegro-Molise Basin (Frigento unit), the whole tectonic pile was affected by a radial extensional
deformation field characterized by E–W and N–S main directions (Figure 14b). This extension caused
a general dismembering of the tectonic prism. This feature triggered erosion within the Apennine
Platform carbonates, which fed, together with the siliciclastic supply coming from the overriding
plate and the tectonic wedge itself [64,65], the depocenters with the sedimentation of the upper
Tortonian–lower Messinian CVTG (Figure 14b). Subsequently, in the late Messinian– early Pliocene,
the out-of-sequence E-verging thrusting duplicated the tectonic pile with the interposition of CVTG
deposits (Figure 14c). The thrust fault system was characterized by several lateral ramps, verging
both to N and S. Synchronous with the out-of-sequence event LANFs developed (Figure 14c,d). In the
Giffoni tectonic window, the WNW–ESE extension prevailed, whereas, in the Campagna sector, the N–S
extension was dominant. A late out-of-sequence event produced blind-thrust faults that deformed
the previously formed structures producing a regional E–W trending antiform (Figure 14d). Finally,
with the starting of the Early Pleistocene, this antiform was eroded (Figure 14f) with the formation of a
large amount of calcareous detritus, presently forming the Eboli conglomerates [66] widespread to
SW of the tectonic windows (Figure 3). This event was associated with an extensional stage [45,66]
that lowered the Salerno area with the formation of a significant tectonic depression bounded by
normal faults with hundreds of meters of displacement. This severe erosion of the regional antiform
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allowed the lowermost part of the hanging wall (Triassic rocks) to be exposed, now surrounding the
two tectonic windows.

 
Figure 14. (a–f) Image showing the tectono-stratigraphic evolution from Serravallian to Early Pleistocene
of the Campagna and Giffoni tectonic windows.

5. Conclusions

The detailed structural survey of the tectonic windows of Campagna and Giffoni allowed us to
provide, for the first time, the reconstruction of the main orogenic stages that characterized this sector
of the southern Apennines chain from the Serravallian to the Early Pleistocene. Furthermore, we clearly
identified in- and out-of-sequence thrusting events and an extensional phase, interspersed between the
crustal shortening pulses. Finally, we provided a comparison between the succession of Mt Croce,
involved in the out-of-sequence thrusting, with that exposed in front of the chain (Laviano area).

The Campagna and Giffoni tectonic windows provide naturally exposed sections showing the
superposition of several thrust-sheets. We reconstructed five main events that define the tectonic
evolution of this area. The first orogenic pulse (D1) was recorded by an in-sequence thrusting that
superposed the Apennine Platform (Picentini Mts and Mt Croce units) onto the Lagonegro-Molise Basin
(Frigento unit), which occurred in the Serravallian. D1 structures are well-exposed in the footwall of the
main regional compressive faults as mesoscale thrust and folds. A second stage (D2) was characterized
by extension recorded as normal faults, tilted by the subsequent deformations. The deposition of the
upper Tortonian–lower Messinian wedge-top basin CVTG sediments was related to this extensional
event. The stages D3 and D4 were characterized by out-of-sequence thrusting involving the whole
tectonic pile, included CVTG deposits that well-recorded these shortening deformations as mesoscale
thrusts, folds, S-C, and pressure–solution structures. This thrusting doubled the allochthonous wedge,
allowing the superposition of the Frigento unit onto the Mt Croce unit. The latter succession shows
several tectono-stratigraphic analogies with that exposed in the Laviano area (located to NE of the
two tectonic windows), both representing the eastern margin of the Apennine Platform. We suggest
that the D3–D4 structures were associated with frontal E-verging thrusts and N/S lateral ramp thrusts,
respectively, which occurred in the early Pliocene. As suggested by [11,14,15], these out-of-sequence
thrusts have to be considered as envelopment thrusts, formed by the positive inversion of normal
faults located at depth in the buried Apulian Platform and propagated upward within the overlying
allochthonous wedge. Related to the out-of-sequence activity, LANFs developed in the hanging wall
of both tectonic windows. The main thrusts, exposed in the two tectonic windows, are folded by a late
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event of out-of-sequence thrusting, forming a regional E–W trending antiform that was subsequently
eroded, allowing the exposition of the oldest rocks of the Apennine Platform succession and the
thrust-sheet pile in its footwall. The regional folding and erosion, with added severe normal faulting
(stage D5) that occurred in the Early Pleistocene, produced a large amount of carbonate detritus,
now forming the Eboli conglomerates widely exposed around the two tectonic windows.
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Abstract: We present a structural study on late Miocene-early Pliocene out-of-sequence thrusts
affecting the southern Apennine orogenic belt. The analyzed structures are exposed in the Campania
region (southern Italy). Here, thrusts bound the N-NE side of the carbonate ridges that form the
regional mountain backbone. In several outcrops, the Mesozoic carbonates are superposed onto
the unconformable wedge-top basin deposits of the upper Miocene Castelvetere Group, providing
constraints to the age of the activity of this thrusting event. Moreover, a 4-km-long N-S oriented
electrical resistivity tomography profile, carried out along the Caserta mountains, sheds light on the
structure of this thrust system in an area where it is not exposed. Further information was carried out
from a tunnel excavation that allowed us to study some secondary fault splays. The kinematic analysis
of out-of-sequence major and minor structures hosted both in the hanging wall (Apennine Platform
carbonates) and footwall (Castelvetere Group deposits and Lagonegro-Molise Basin units) indicates
the occurrence of two superposed shortening directions, about E-W and N-S, respectively. We
associated these compressive structures to an out-of-sequence thrusting event defined by frontal
thrusts verging to the east and lateral ramp thrusts verging to the north and south. We related the
out-of-sequence thrusting episode to the positive inversion of inherited normal faults located in
the Paleozoic basement. These envelopments thrust upward to crosscut the allochthonous wedge,
including, in the western zone of the chain, the upper Miocene wedge-top basin deposits.

Keywords: southern Apennines; out-of-sequence thrust; wedge-top basin; electrical resistivity
tomography

1. Introduction

The study of the kinematics and structural style of thrust sheets, as well as dating their emplacement,
is crucial for understanding the tectonic architecture and evolution of orogenic chains. This task can
be a challenge when the primary structures are not well exposed, such as the case of the southern
Apennines, which has experienced a severe post-orogenic high-angle normal and strike-slip faulting
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starting from the Pleistocene [1–5]. This event produced the deposition at the toe of the mountains
of a massive amount of talus during the Early-Middle Pleistocene glacial–interglacial cycles [6–9].
Furthermore, the carbonate ridges, bounding the Campanian Plain (Figure 1a), were locally covered
by a considerable amount of pyroclastic deposits (up to tens of meters thick) during the Middle
Pleistocene and Holocene activity of the Roccamonfina, Campi Flegrei and Somma-Vesuvius volcanoes
(e.g., [10] and references therein), making more and more infrequent the exposure of older structures
(i.e., thrust faults).

Recently, many studies have provided temporal constraints to the fault activity in several
fold-and-thrust belts worldwide through different geochronological methods. They include isotopic
K-Ar and Ar-Ar dating for cataclasites containing silicate minerals (e.g., [11–13]) and U-Th/He, U-Pb
dating for the synkinematic carbonate tectonites (e.g., [14,15]). Different authors have applied these
methodological approaches also to the study of thrusts in the Apennines (e.g., [16]), and in some
cases being able to date multiple reactivations of the thrust faults especially in the case of positive
inversion that makes difficult the interpretation of the previous fault kinematics and deformation
history (e.g., [17]).

This study focuses on the Campania region in southern Italy (Figure 1a). We have chosen this
area because it exposes a large segment of the Apennine orogen [18]. Furthermore, a complete
cartography has been recently provided [19] that makes easier the correlations between the different
regional structures. Only in recent years, the systematic study of the thrust fault kinematics
allowed the full-definition of an out-of-sequence thrusting stage affecting several sectors of the
southern Apennines (e.g., [19,20]). This tectonic event profoundly changed the original orogenic
architecture, made of several thrust sheets, forming a further tectonic imbrication of the Meso-Cenozoic
successions (Apennine Platform and Lagonegro-Molise Basin units). This crustal shortening produced
a complex regional thrust system with the hanging wall ramp formed by the carbonate ridges of the
Marzano-Picentini Mts to the south, up to the Avella-Caserta and Taburno Mts to the north (Figure 1a).
The main flat thrust is further exposed in the Campagna tectonic window (Figure 1a) located in the
western sector of the chain (e.g., [21]). This study aims to reconstruct the out-of-sequence thrust system
geometry and its kinematics through a detailed structural survey and analysis of the principal and
secondary structures, and the construction of a 4-km-long geological cross-section. For this purpose,
to define the geometry of the thrust system, we used an electrical resistivity tomography survey across
the Maddaloni-Durazzano ridge (Figure 1a), and information came out during a tunnel excavation in
that area (Mt Aglio access window).

The southern Apennines are a fold-and-thrust belt formed by the superposition of several
thrust sheets, including oceanic and continental deep basin to shallow-water successions [18,22–31].
This orogenic chain results from the subduction of the Ligurian oceanic lithosphere beneath the
Europe/AlKaPeCa plate, starting from the Paleocene-Eocene and the following Miocene-Middle
Pleistocene thrusting and folding affecting the Adria plate (e.g., [18,32] and references therein). The
sinking of the oceanic lithosphere triggered the fast eastward migration of the slab hinge (roll-back
mechanism, [23]). In the lower Miocene, an accretionary wedge made up of oceanic deep basin
sediments developed (Ligurian Accretionary Complex; [24,33,34]). During the Miocene, the Ligurian
Accretionary Complex overrode the Adria domain forming a new accretionary prism consisting of
thrust sheets of the Apennine Platform (basin to shallow-water) and Lagonegro-Molise Basin (slope to
pelagic) successions. From the Messinian to Middle Pleistocene, the allochthonous pile superposed
onto the Apulian Platform domain. During the orogenic crustal shortening stage, from lower Miocene
to Middle Pleistocene, the orogenic prism was the locus of clastic sedimentation in several wedge-top
basins. The unconformable deposits include the uppermost Burdigalian-lower Tortonian Cilento Group,
the upper Tortonian-lower Messinian Castelvetere Group (CVTG), the upper Messinian-lowermost
Zanclean Altavilla Group (AG), the upper Zanclean Baronia Fm and the Piacentian Sferracavallo
Fm [19,35]. At depth, the tectonic pile superposes onto a buried para-autochthon imbricate belt
(Figure 1b) consisting of the Apulian Platform succession hosting ramp-dominated thrust faults [36],
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which upward crosscut the allochthonous wedge producing out-of-sequence structures, frequently
deforming the upper Miocene-lower Pliocene wedge-top basin deposits [20]. In this work, we studied
the segment of the southern Apennines exposed in the Campania region (Figure 1a). The highest
mountains include some NW-SE directed ridges made of Meso-Cenozoic carbonates. The tectonic pile
is further crosscut by Quaternary high-angle faults with normal to strike-slip kinematics, at places
producing large structural depressions filled by marine, transitional and volcanic deposits, such as
the Campania Plain (Figure 1a). This study, for the first time, provides a systematic analysis of thrust
faults in a vast area of the southern Apennines, which sheds light on the intricate orogenic evolution
that characterizes this segment of the circum-Mediterranean Alpine chains.

 

Figure 1. (a) Tectonic scheme of the Campania region (southern Italy), inset map of southern Italy from
Google Earth. (b) Cross-section from Avella Mts to the Daunia sector. Modified after [19].
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2. Geological Setting

Regional Stratigraphy

The sedimentary successions, exposed in the analyzed area (Figures 1a and 2), form different
thrust sheets covered by Miocene-Pliocene unconformable wedge-top basin deposits. The tectonic
nappes derive from three paleogeographic domains ([18,19,25]; Figure 2): (i) the Ligurian Accretionary
Complex; (ii) the Apennine Platform and (iii) the Lagonegro-Molise Basin. The Ligurian Accretionary
Complex units (Figure 1a) are represented by the deep-basin Parasicilide succession [25,37], cropping
out only in the Sele River Valley, and some limited areas of the Salerno sector. The Parasicilide
unit includes uppermost Cretaceous-Eocene p.p. shales (Argille Scagliose Fm), covered by Eocene
p.p.-Aquitanian limestones (M.S. Arcangelo Fm), marls and varicolored clays (Argille Varicolori Fm)
and finally by Burdigalian foredeep sandstones (Albanella Fm).

 

Figure 2. Schematic stratigraphic logs of the analyzed successions.

The Apennine Platform units consist of a dominant carbonate succession ([19,27]; Figure 2)
cropping out in the Picentini, Taburno and Caserta Mts. It includes shallow-water rocks made up
from the base to the top by Carnian–Hettangian p.p. dolomites and Jurassic–Lower Cretaceous
limestones and dolomitic limestones; some lateral heteropies of slope-to-basin cherty carbonates at
Picentini Mts occur. The succession continues upward with Upper Cretaceous shallow-water Rudist
limestones. At some localities, the Cretaceous shallow-water carbonates pass upward to the uppermost
Cretaceous-Paleocene margin recrystallized calcareous breccias (Calcari Cristallini Fm). In the Laviano
area, the latter carbonates evolve upward to Eocene–lower Miocene slope-to-basin Scaglia Fm deposits,
including cherty limestones, marls and shales, covered by Serravallian foredeep calcarenites and
sandstones of Laviano Fm [38]. The Campagna tectonic window exposes a carbonate platform margin
succession, known as the Mt Croce unit, consisting of dominant clastic rocks (Vallimala Flysch).
Finally, the Lagonegro-Molise Basin units [31,39,40] are represented by the Frigento succession ([18,25];
Figure 2), cropping out eastward of the Apennine Platform ridge and in the Campagna tectonic
window [41–43]. The succession includes at the base Anisian–Carnian shallow-water to basin rocks
(Monte Facito Fm), evolving upward to Carnian–Lower Cretaceous deep basin deposits (Calcari con
Selce, Scisti Silicei and Flysch Galestrino Fms), Upper Cretaceous-Burdigalian slope to basin deposits
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(Flysch Rosso Fm), Langhian sandstones (Flysch Numidico Fm), Serravallian marls and foredeep
turbidites (Serra Palazzo Fm).

The upper Tortonian–lower Messinian CVTG is constituted at the base by calcirudites including
clasts of Cretaceous-Tertiary limestones, with intercalated layers and lenses of sandstones and residual
clays and carbonate clasts upward passing to turbiditic sandstones with intercalations of clays, marls
and olistostromes of varicolored clays (Ligurian Accretionary Complex unit) and carbonate olistoliths.
These deposits unconformably cover the Ligurian Accretionary Complex, the Apennine Platform and
the Lagonegro-Molise Basin units. In the study area, the younger wedge-top basin deposits include
the upper Messinian-lowermost Pliocene Altavilla Group, the upper Zanclean Baronia Fm and the
Piacenzian Sferracavallo Fm, all characterized by dominant silico- and calciclastic rocks [19].

3. Methods and Materials

3.1. P-B-T Method

In order to analyze fault slip data, collected in the field, we applied the P-B-T technique [44].
This method furnishes the orientations of the three principal paleostress axes σ1, σ2 and σ3
(with σ1 > σ2 > σ3) and the stress ratio R = (σ2 − σ3)/(σ1 − σ3) [45]. The P-B-T technique provides
for every single fault, characterized by well-defined plane attitude, slip orientation and kinematics,
the direction of maximum shortening (P), the direction of maximum stretching (T) and the intermediate
axis (B), orthogonal to the P-T plane. We used the software TectonicsFP 1.7.8 [46], which allows one
to calculate the best-fit angle (θ), minimizing the sum of all misfit angles between the measured slip
direction and the calculated maximum shear stress. In the case of lacking conjugate faults, we used a
fixed value of angle θ equal to 30◦ for all fault-slip data.

3.2. Nannoplankton Content Analysis

We performed a nannoplankton content analysis on marls and calcareous clay levels of the
CVTG deposits sampled in the footwall of the analyzed thrusts to give temporal constraints on the
deformational events. We collected 38 samples in the localities of Acerno, Campagna, Castelvetere,
Chiusano, Mt Taburno, Maddaloni, Pietra Maula (Lauro), Mt Faggeto (Monteforte Irpino) and
Sant’Angelo in Formis (Figure 1a). To obtain optimal results for each type of material, the coccolith
specimens were prepared using the centrifugation and simple smear slide techniques, following the
procedures described in [47]. We observed the nannoplankton content through the polarized light
microscope Zeiss Axioscop equipped with an ×100 oil immersion objective lens. We performed
a qualitative evaluation of the assemblages on all the samples, but only 19 of them proved to be
fossiliferous, while the other ones resulted barren or very poorly fossiliferous. Dating this material was
not a trivial task both because some nannoplankton contents resulted strongly altered by diagenesis,
which usually partially or entirely hides the primary morphological characteristics, and because
of the intense reworking of specimens. Indeed, many older specimens have been found with
very few biostratigraphic markers. However, specimens have been identified at the species level,
and biostratigraphic markers have been used for dating.

3.3. Electrical Resistivity Tomography (ERT)

A 2D ERT profile is a geophysical prospecting technique that provides an electrical resistivity
cross-section of the shallow earth structure until depths of a few tens of hundreds of meters.
Among the many applications of the ERT profiling in mining, environmental, engineering and
archaeological research [48], it is to emphasize its success in modeling the structural setting of relatively
complex geological areas thanks to the capability to define, in terms of electrical resistivity contrasts,
the contact between different geological formations and the flexure structure produced by faulting
(e.g., [49–55]). The acquired apparent resistivity data were collected by the IRIS SYSCAL Pro SWITCH
96 resistivitymeter in multi-electrode configuration, employing cables with 96 electrodes interspaced
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at 10 m, according to the so-called roll-along technique (e.g., [56,57]), which is commonly used when
the measured profile length is greater than the cable length, as for our case study. Specifically, seven
roll-along sequences, with overlapping of 48 electrodes between two consecutive rolls, were performed,
which allowed us to collect, also thanks to the high 2D coverage offered by the chosen pole–dipole
electrode configuration, 27.256 data points along the investigated section and an exploration depth of
about 200 m below the ground level (b.g.l.). All the acquired apparent resistivity values were deployed
in a single 2D model, which takes into account the real profile topography, and then processed by
the ERTlab™ software (version 64, Geostudi Astier S.r.l., Livorno, Italy) based on a finite-element
inversion algorithm.

4. Structural Analysis and Data Presentation

We performed a geological survey in different areas of the southern Apennines, where main
out-of-sequence thrusts and related minor structures are exposed. Results are presented starting from
the south (Marzano-Picentini Mts) to the north (Caserta Mts).

4.1. Marzano-Picentini Mts

We analyzed the Laviano area located along the northern side of the Mt Marzano (Figure 3).
Here, the Apennine Platform succession hosts a major thrust that also deforms the wedge-top basin
sediments of the CVTG. To the north of the analyzed area, the Lagonegro-Molise Basin unit is
exposed, covered by the CVTG. Several secondary structures are associated with the main thrust,
such as minor thrust faults within the Serravallian calcarenites (Laviano Fm; Figure 4a), several S-C
structures (Figure 4b) and pre-buckle thrusts marked by the cherty layers (Figure 4c) within the
Paleogene-lower Miocene Scaglia Fm (Figure 2). In the footwall of the main thrust, the CVTG deposits
cover the carbonates, filling graben where the former normal faults are cut by the younger thrust faults
(Figure 4d,e). The plot of thrust faults (Figure 5a) suggests a prevalence of planes moderately dipping
to SSW, and the related PBT diagram indicates an NNE-SSW shortening.

 

Figure 3. Tectonic map of the study area showing the analyzed sites and the trace of the electrical
resistivity tomography (ERT) profile and tunnel excavation.
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Figure 4. Laviano: (a) thrust fault in calcarenites of the Laviano Fm.; (b) S-C structures associated
to a north-verging thrust within the gray Scaglia Fm; (c) pre-buckle thrust in red chert within the
Scaglia Rossa Fm; (d,e): normal fault plane crosscut by north-verging thrust faults. Bagnoli Irpino:
(f) back-thrust within the Cretaceous succession; (g,h) striations and steps.

The mountain area surrounded by the Laviano, Avellino, Salerno and Campagna towns (Figure 3),
includes the carbonate ridge of the Picentini Mts, facing northward to the Irpinia area, dominated by
the Frigento unit (Lagonegro-Molise Basin) covered by the wedge-top basin deposits of CVTG, Baronia
and Sferracavallo Fms. The Picentini Mts confine to the east with the Sele River Valley, where the
Ligurian Accretionary Complex is widely exposed [37]. Here, the out-of-sequence thrust between the
carbonates and Frigento unit, with the interposition of the CVTG, is exposed only in a few localities.
In the areas where the main thrust is hidden, several secondary structures allowed us to reconstruct the
geometry and kinematics, such as the Bagnoli Irpino area (Figure 3). Here, a few deformation structures
are exposed; amongst others, a good example is the back-thrust within the Mesozoic limestones
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(Figure 4f), accompanied by several secondary slickenside planes with striations and steps (Figure 4g,h).
These structures indicate a vergence to the south (Figure 5b). In the Chiusano-Castelvetere area
(Figure 3), the Upper Cretaceous limestones tectonically cover the CVTG deposits through a flat-lying
ramp (Figure 6a). The frontal thrust form an anticline ramp evidenced by the high-angle bedding of
carbonates and overlying CVTG deposits. An instructive example is in the quarry located close to the
Chiusano village; here, the almost vertical strata show also parasitic folds (Figure 6b). In this case,
the well-cemented Pleistocene slope talus preserved these structures, presently exposed by the digging
activity. In a dismissed quarry, a back-thrust verging to the south occurs within the carbonates with a
drag fold in the footwall (Figure 6c). Only in one locality, close to the Castelvetere village (Figure 3),
the superposition of carbonates onto clays and sandstones of Castelvetere is exposed (Figure 6d,e).
The siliciclastic rocks form lenses within a cataclasite, subsequently cut by normal faults (Figure 6d).
The measured fault planes (Figure 5c) dip to the north and the east; however, the PBT diagram indicates
an E-W shortening.

 

Figure 5. Stereographic projections of (a–m) faults and corresponding PBT plots; (n) T-axes; (o) T-axes
rotated 20◦ counterclockwise.
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Figure 6. Chiusano area: (a) panoramic view of the frontal thrust; (b) highly dipping forelimb of the
hanging wall anticline associated to the frontal thrust formed by Upper Cretaceous carbonates covered
by beds of Castelvetere Group (CVTG) conglomerates and sandstones; the succession is covered by
the Middle Pleistocene slope talus (Belvedere quarry); (c) back-thrust within the Upper Cretaceous
limestones with an associated footwall syncline. Castelvetere area: (d) the main thrust crosscut by late
normal faults; (e) particulars of the cataclasite in the footwall made of lenses of clays and sandstones of
the CVTG.

4.2. Avella and Taburno Mts

In this area, the Apennine Platform and Lagonegro-Molise Basin units crop out, unconformably
covered by CVTG, Altavilla Group and Baronia Fm. Along the E-W ridge of Roccarainola (Figure 3), [58]
reported the occurrence of a major thrust. The authors indicate an NNW tectonic vergence of the
thrust that juxtaposes the Jurassic carbonates on the Cretaceous rocks with an associated hanging wall
overturned anticline. In this work, we analyzed further outcrops, including the Lauro, Monteforte
and Montevergine areas (Figure 3). Along the road connecting Lauro with the town of Avellino,
deposits of the lower part of the CVTG are exposed, covering the Upper Cretaceous carbonates.
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At Pietra Maula (north of Lauro) and Mt Faggeto (northwest of Monteforte Irpino), a 20 m thick CVTG
succession crops out (Figure 3) consisting of calcareous conglomerates with lenses of sandstones and
red and grey clays (Figure 7a–d). Clasts are mainly made of the Eocene Trentinara Fm (e.g., [19]),
not exposed in the analyzed area. The succession hosts two sets of thrusts and folds. In the Pietra
Maula outcrop, the main thrust superposes the Upper Cretaceous carbonates onto the upper Miocene
conglomerates, sandstones and clays (Figure 7a). Minor thrust faults deform the clay lenses (Figure 7a),
in particular, it is common to find along the same fault plane two sets of slickenside striations and
steps (Figure 7b) indicating an early ENE-WSW shortening, with associated folds especially in the
clay and sand lenses, and a later NNW-SSE shortening. Two sets of thrust faults are also observed
in Mt Faggeto. However, the NW-verging thrust is the best-developed (Figure 7e). At Pietra Maula,
fault planes of the first out-of-sequence deformation (Figure 5d) form a conjugate system with a
statistical NE-SW shortening direction, whereas the structures related to the second deformation stage
(Figure 5e) suggest a NNW-SSE shortening. At Mt Faggeto, the thrust faults are W-dipping with an E-W
shortening direction for the first deformation stage (Figure 5f), whereas the fault planes, related to the
second stage, are gently dipping to SE, indicating an NW-SE shortening (Figure 5g). On the top of the
Montevergine mountain, the Apennine Platform Jurassic carbonates overthrust the CVTG (Figure 7f),
the latter made of calcareous conglomerates with a sandy matrix. Only in the upper part of these
clastic deposits, clasts are made of crystalline rocks. Thrusts and related folds occur in the Apennine
Platform Jurassic succession (Figure 7g) as well as the presence of pressure solution planes orthogonal
to the bedding (Figure 7h). Thrust faults form a conjugate system, of which the PBT diagram provides
an NNW-SSE shortening direction (Figure 5h). The carbonate ridge from Montevergine to Cervinara
(Figure 3) is defined by Apennine Platform Cretaceous limestones covered by the CVTG deposits
forming an anticline ramp with high-angle strata along the northern side. The best exposure is in the
Pietrastornina area (Figure 3), where CVTG beds are steep and locally overturned (Figure 8a,c). In a
few localities, the thrust is exposed, indicating a double vergence, with shales and sandstones in the
footwall (Figure 8b). Generally, the CVTG conglomerate shows indented clasts (Figure 8d). In the
footwall of the main thrust, the Frigento succession and the overlying CVTG deposits are deformed by
folds and thrusts. Remarkable examples are the ramp anticlines within the slope carbonates of the
Flysch Rosso Fm (Frigento unit) cropping out in different places such as that exposed in the quarry
north of Pietrastornina (Figure 8e). Here, the vertical beds of the Flysch Rosso Fm and CVTG deposits
are cut by sub-horizontal thrusts with small displacements and associated drag folds in the footwall
(Figure 8e). Measured thrust faults mark two shortening directions: NE-SW and NW-SE (Figure 5i,j).
Another place to observe the major structure is at the toe of Triassic-Jurassic carbonates of the Mt
Taburno located north of the Avella Mts (Figure 3). Along the NE-side of this mountain, the main thrust
crops out. It is defined by a flat-lying fault (Figure 8g) with highly deformed clays and sandstones in
the footwall (Figure 8h). Striations and steps indicate a N vergence. Several secondary thrust faults are
present (Figure 8g). Such as the previous areas, here the main thrust is cut by younger normal faults.
Associated with this thrust, some folds in Flysch Rosso Fm in the footwall occur, the largest is a thigh
overturned fold verging to the north (Figure 8f). Poles to fold limbs indicate a theoretical fold axis
of 302/24 (Figure 8f). Thrust planes moderately dip to SE, and the PBT diagram suggests an NE-SW
shortening direction (Figure 5k).

4.3. Caserta Mts

The Caserta Mts (Figure 3) are formed by three E-W trending carbonate ridges of Maddaloni,
Castel Morrone and Limatola Mts, and the NW-SE trending Mt Tifata (Sant’Angelo in Formis). A few
are the sites in the Limatola ridge where secondary thrusts are exposed. The best outcrop is located
along the road connecting the Castel Morrone and Limatola towns (Figure 3). Here, a major back-thrust
occurs (Figure 9a), which brings the Apennine Platform Jurassic limestones to overthrust the CVTG
deposits. Minor thrust faults occur, suggesting an N-S shortening. The area of Sant’Angelo in Formis
was the subject of a few studies in the last century (e.g., [59,60]). Reference [60] describes several thrust
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faults between Mesozoic Apennine Platform carbonates (hanging wall) and CVTG in the footwall.
We have not found the thrusts described by these authors. However, we observed several minor
structures, such as mesoscale thrusts and related folds. Two sets of secondary thrusts are present,
the first furnishes an ENE-WSW shortening direction (Figure 5l), whereas the second set indicates an
NNW-SSE shortening (Figure 5m).

 

Figure 7. Pietra Maula: (a) imbricate fan of thrust sheets superposing Apennine Platform (AP)
limestones onto CVTG conglomerates, sandstones and clays; (b) thrust fault plane showing two
sets of slickenside striations and steps; (c) folds in CVTG clays; (d) fold in the CVTG sandstones.
(e) Thrust plane showing striations and steps indicating an N vergence (Mt Faggeto). Montevergine:
(g high-angle thrust of AP Jurassic limestones onto CVTG; (h) two orthogonal stylolite sets in AP
Jurassic oolitic limestones.
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Figure 8. Pietrastornina: (a) overturned CVTG beds; (b) main thrust fault of Apennine Plattform
(AP) Cretaceous limestones onto shales and sandstones of CVTG; (c) CVTG sandstone covering AP
Cretaceous limestones; (d) indented calcareous clasts in CVTG; (e) vertical beds of Flysch Rosso Fm
crosscut by a sub-horizontal thrust verging to NE with associated drag folds in the footwall. Mt Taburno:
(f) overturned fold in Flysch Rosso Fm verging to the north; (g,h) the main thrust between AP Jurassic
carbonates onto highly deformed clays of CVTG.
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Figure 9. (a) Back-thrust of Apennine Platform (AP) Jurassic limestones onto CVTG sandstones
(Limatola). Maddaloni Tunnel: (b) excavation front showing the tectonic superposition of the AP
Cretaceous carbonates onto the CVTG; (c) particulars of the back-thrust plane; (d) slickenside striations
and stereographic projections of thrust faults. (e) ERT profile; (f) cross-section; (g) well logs.
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4.3.1. Maddaloni Carbonate Ridge

The northern slope of the Maddaloni ridge is E-W oriented (Figure 3). Here, the carbonate ridge
is bounded by normal faults that hide the main thrust. To investigate the tectonic architecture in
depth, we used an ERT profile 4 km long, and N-S directed, crosscutting the western side of the
ridge, from the Maddaloni town to the north (Figure 3). Furthermore, we followed the excavation
of an E-W directed tunnel within the carbonate succession orthogonal to the ERT profile (Figure 3).
The structural survey performed on the excavation fronts furnished useful information about the
geometry and kinematics of thrust faults hosted in the Apennine Platform Meso-Cenozoic succession.
The best structure observed is defined by the superposition of Cretaceous carbonates onto CVTG
varicolored clays, sandstones and conglomerates (Figure 9b). The footwall is highly deformed with
well-marked foliation and some overturned folds. Along the thrust plane dipping to west, we observed
striations and steps (Figure 9c,d) indicating a vergence to WSW. Finally, we reconstructed a geological
cross-section (B-B’; Figure 9f), integrating data from some geognostic wells (Figure 9g), the ERT profile
(Figure 9e) and information gathered in the tunnel. It is interesting to note that in the well G06
(Figure 9g), the Cretaceous limestones tectonically cover the CVTG clays. Further, in the well S1, a
cataclasite with a varicolored clayey matrix is present at -275 m below the field surface.

ERT-Cross Section

The ERT profile used to reconstruct the architecture of the Maddaloni ridge fault zone is indicated
in Figure 3 as B-B’. It extends approximately S-N in a straight line for 4100 m. The inverted resistivity
section (Figure 9e) was obtained for a root mean square misfit error lower than 10% to the field data.
The resistivity model shows a generally resistive pattern abruptly broken by two prominent conductive
zones at the ends of the profile. The architecture of the resistive zone appears rather complex: sectors
characterized by resistivity values of a few thousand of Ωm (shades of yellow color in Figure 9e),
which are locally interrupted by very high-resistivity nuclei (>104 Ωm, shades of red color in Figure 9e),
overtop areas with resistivities of the order of some hundreds of Ωm (deep green color zones in
Figure 9e). Both the amplitudes and inhomogeneous distribution of the observed high-resistivity
values (yellow and red sectors in Figure 9e) are consistent with strongly fractured calcareous rocks,
likely interested by karstic phenomena. Different water contents along fault/fracture systems and/or
degraded portions of the carbonate structure can, therefore, justify this wide range in the observed
resistivity variations.

Conversely, the deep relatively conductive zones can well describe, both for the measured
resistivity values and for their shape and in-depth position, clay lenses, sandstones and conglomerates,
such as those highlighted by the tunnel excavation (Figure 9c). Finally, the abrupt lowering of the
resistivity values observed at the two ends of the ERT profile can instead be attributed to the contact
of the calcareous formation with lithologically different formations. In particular, we note that the
resistivity values observed in the southern edge of the profile are compatible with pyroclastic deposits,
while the very low resistivity values in the northern part (< 102 Ωm, shades of blue color in Figure 9e)
well correlate with clayey materials characterized by different degrees of compaction.

In order to validate the interpretative hypotheses coming from the ERT prospection, we have
compared the modeled cross-section with available geological evidence from geognostic surveys located
along the ERT profile (Figure 9e). In particular, the S1 and S2 stratigraphic logs (Figure 9g) show a very
thin layer of topsoil followed by altered/degraded limestone from weakly to strongly fractured, locally
rather vacuolar. The other well, drilling a calcareous succession, is G06 (Figure 9g). The stratigraphy
shows an upper interval of tectonized limestones overlying highly deformed clays similar to that
observed in the tunnel excavation that we ascribed to the CVTG. Completely different geological
sequences, instead, come from the three geognostic wells placed at both ends of the ERT cross-section.
The G05 stratigraphic column (Figure 9g) is constituted down to the maximum exploration depth by
horizons of silts (or sandy-silts), which alternate with levels of sands (or silty-sands) from fine to coarse
grain size with the inclusion of weakly cemented pyroclasts.
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Conversely, the stratigraphy provided by the G01 and G07 wells (Figure 9g) shows an alternation
of pyroclastic layers that differ in size (clay, silts, sands and gravel) and saturation degree only for the
shallowest portion of the investigated subsurface. Starting at a depth of about 20 m b.g.l., varicolored
shales of the Frigento unit are found, which are characterized by the lowest values of the electrical
resistivity observed along the whole profile. The ERT model, combined with geological field data, has
been used to reconstruct the cross-section in Figure 9f, where high-angle faults are recognized by sharp
decreases in resistivity due to the increase in permeability values associated with a higher density of
fractures. The sharpest resistivity contrast in the northernmost part of the profile well marks the main
thrust fault.

5. Nannoplankton Content Analysis

The nannoplankton analysis carried out on the CVTG samples (Table 1) indicates mainly an
upper Miocene age for the fossiliferous samples, although they are affected by intense reworking.
The samples from CVTG5 to CVTG14 collected at Pietra Maula (Lauro) and Mt Faggeto (Monteforte
Irpino) are characterized by the presence of biostratigraphic markers as Discoaster brouweri (Figure 10a),
D. surculus, D. variabilis (Figure 10b), Helicosphaera wallichii (Figure 10c) and Sphaenolithus abies. In the
samples CVTG1-2 and CVTG16-17 collected in the areas of Acerno and Salitto, we found the markers
Discoaster variabilis, Helicospaera wallichii and Sphaenolithus abies. The samples CVTG3-4 collected in
the Castelvetere and Chiusano localities contain the markers Discoaster brouweri, D. variabilis and
Sphaenolithus abies (Figure 10d) in association with other specimens as Reticulofenestra pseudoumbilicus
(Figure 10e; Table 1). CVTG18 sampled in the Mt Taburno area revealed the presence of the markers
Discoaster loeblichii (Figure 10f) and D. variabilis. We found the markers Helicospaera wallichii, and
Sphaenolithus abies in the sample CVTG19 collected in the Maddaloni tunnel. Finally, the sample
CVT15 collected at Sant’Angelo in Formis did not reveal the presence of any biostratigraphic markers.
However, we found an association of specimens that is comparable with most of the other samples.
Based on the first occurrence datum of these markers found in the CVTG, we can consider these
deposits as no older than the upper Tortonian. Due to the occurrence of the markers D. loeblichii and
D. surculus, we can constrain these deposits as ranging from the lower part of the nannofossil zone
NN11 of [61], which corresponds to the base of CN9A of [62] or CNM16 of [63], to the upper part of the
NN11 of [61], corresponding to CN9B of [62] or CNM18 of [63]. We cannot define the last occurrence
datum for all of the formation due to the intense reworking of the specimens and also because not all
the samples contain markers as D. loeblichii with a very narrow time range of distribution (e.g., for Mt
Taburno area). However, if we consider that all these deposits are coeval and belong to the CVTG,
their age can be constrained to the upper Tortonian-lower Messinian. This result also agrees with the
age of CVTG recently dated in Mt Massico and Sorrento Peninsula ([20,64]) and with the literature on
the wedge-top basin deposits of Castelvetere Fm [18,25,65,66].
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Table 1. Summary of biostratigraphic data (calcareous nannofossils). X: occurrence of specimen;
R: reworked specimen; M: marker specimen.

CVTG SAMPLE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Braarudosphaera bigelowii X X X X

Carinaster sp. X

Calcidiscus leptoporus X X X X X X X X

Calcidiscus macintyrei X X X

Coccolithus formosus R R R R R

Coccolithus pelagicus X X X X X X X X X X X X X X X X X

Coccolithus miopelagicus R

Coccolithus tenuiforatus X

Cruciplacolithus sp. X X

Cyclicargolithus abisectus R

Cyclicargolithus floridanus R R R R R R R R R R

Discoaster barbadiensis R R

Discoaster brouweri M M

Discoaster deflandrei R

Discoaster druggii R

Discoaster loeblichii M

Discoaster multiradiatus R R

Discoaster saipanensis R R R

Discoaster salisburgensis R

Discoaster surculus M

Diascoaster variabilis M M M M

Helicosphaera carteri X X X X X X X

Helicosphaera recta R

Helicosphaera walbersdorfensis R

Helicosphaera wallichii M M M

Microrhabdulus decoratus R

Nannotetrina sp. R R R R

Pontosphaera discopora X X

Pontosphaera multipora X X

Reticulofenestra bisecta R R R R R R R R R R

Reticulofenestra dictyoda R

Reticulofenestra haqii X

Reticulofenestra minuta X X X X X X

Reticulofenestra
pseudoumbilicus X X X X X X X X X

Sphenolithus abies M M M M M M

Sphenolithus ciperoensis R

Sphenolithus conicus R R R

Sphenolithus delphix R

Sphenolithus dissimilis R

Sphenolithus heteromorphus R R R

Sphenolithus moriformis X X X X X X X X X X X

Sphenolithus neoabies X

Sphenolithus radians R R R R

Sphenolithus procerus R R

Transversopontis sp. R

Watznaueria barnese R R

Zygrhablithus bijugatus R R R R R

UTM (33T, WGS84) coordinates (meter) of the listed samples: CVTG1 and CVTG2 (Acerno): 503794E, 4505896N;
CVTG3 (Castelvetere): 503508E, 4530468N; CVTG4 (Chiusano): 494276E, 4532154N; CVTG5 to CVTG9 (Pietra Maula):
469301E, 4527138 N; CVTG10 to CVTG14 (Monteforte Irpino): 33T 472491E, 4527607N; CVTG15 (Sant’Angelo in
Formis): 437645E, 4552581N; CVTG16 and CVTG17 (Salitto): 501632E, 4504105N; CVTG18 (Mt Taburno): 468531E,
4549402N; CVTG19 (Maddaloni, Tunnel: 450290E, 4545491N.
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Figure 10. Microphotographs of the calcareous nannofossil species: (a) Discoaster brouweri, parallel nicols
(sample CVTG 13); (b) Discoaster variabilis, parallel nicols (sample CVTG 13); (c) Helicosphaera wallichii,
cross nicols (sample CVTG 9); (d) Sphenolithus abies, cross nicols (sample CVTG 3); (e) Rericulofenestra
pseudoumbilicus, cross nicols (sample CVTG 4); (f) Discoaster loeblichii, parallel nicols (sample CVTG 18).

6. Discussion

The structural survey, carried out in several sites of the Apennine chain in the Campania region,
allowed us to collect a considerable dataset of attitude and kinematic measurements of structures
related to an out-of-sequence thrusting event (Figure 11). Primary and secondary structures, such
as thrust faults, folds and pressure solution planes, suggest a deformation event that occurred after
the deposition of the CVTG. In most of the analyzed outcrops, we observed structures associated
with an NW-SE/NNE-SSW shortening (Figure 11). However, in the localities Sant’Angelo in Formis,
Campagna, Pietrastornina, Pietra Maula, Mt Faggeto and Maddaloni ridge, we recognized that this
deformation superposes onto structures related to an E-W/ESE-WNW directed shortening with a
dominant tectonic vergence to the east (Figure 11). These two thrusting stages can be considered as
out-of-sequence deformation pulses because they deform the upper Miocene CVTG deposits, whose
sedimentation occurred within basins located on top of the already structured thrust sheet prism.
Similar structures were also observed elsewhere in the Campania region, such as at Capri Island
and the western Sorrento Peninsula [64] and Mt Massico [20]. In particular, in the first two localities,
a single N-verging thrusting stage was recorded, whereas at Mt Massico, two shortening directions
occur (ca. E-W and N-S), with the N-verging as the later deformation stage (Figure 11).

Further evidence of such a thrusting event is found in a tunnel excavation and by the ERT
survey along the Maddaloni carbonate ridge that allowed us to reconstruct the thrust geometry in
an area where it is not exposed. We interpreted the Maddaloni structure as the superposition of the
out-of-sequence imbrication of different thrust sheets made of Mesozoic carbonates and CVTG deposits
verging to WSW (back-thrusts), crosscut by an N-verging thrust (Figure 9f). To obtain mean values of
shortening directions of the two out-of-sequence deformation stages at regional scale, we gathered
all data from the PBT plots (Figure 5a–m) and those calculated for Capri Island, Sorrento Peninsula
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and Mt Massico (data from [20,64]). The resulting plot (Figure 5n) indicates the occurrence of a main
cluster of the σ1, with a direction of NNW-SSE and a secondary direction scattered between NE-SW
and SE-NW. Hence, taking into account the counterclockwise rotation of ca. 20◦ (e.g., [67]) recorded in
the Plio-Pleistocene for this sector of the southern Apennines, the shortening directions related to the
two out-of-sequence episodes are ca. E-W and N-S (Figure 5o), with the latter as the more developed
widespread shortening direction in the western sector of the chain.

 

Figure 11. Tectonic map of the study area showing tectonic vergences and shortening directions for the
studied out-of-sequence deformation structures.

Several papers described similar structures also in the central Apennines (e.g., [68–72]). However,
a long-lived debate exists about the tectonic meaning of these structures because they frequently
juxtapose younger-over-older rocks. In fact, they were interpreted as out-of-sequence thrusts
(e.g., [68–74]) or low-angle normal faults (e.g., [28,75]). Contrarily to the previous orogenic area,
in the southern Apennines, the occurrence of the upper Miocene CVTG deposits in the footwall of
Mesozoic rocks clearly demonstrates their out-of-sequence origin. Furthermore, the exposure of these
structures in several areas of the chain suggests a regional deformation event that affected a large
part of the orogenic belt and not only a limited area. As concerns the age of this event, stratigraphic
constraints indicate that the out-of-sequence thrusting was active following the early Messinian, the
youngest age of the CVTG. We exclude that the analyzed out-of-sequence thrusting event has had an
older activity because of the evidence of an extensional setting before the sedimentation of the CVTG
such as what has been documented in other areas of the region (e.g., Mt Massico, [20]; Cilento, [76])
and in this study (e.g., Laviano area). It is worth noting a close analogy with the central Apennines
where Tortonian-lower Messinian clastic deposits (Brecce della Renga Fm), corresponding to the CVTG
rocks, were sedimented in an extensional environment before their involvement in the out-of-sequence
thrusting [74].

Recently, [14] dated the E-verging out-of-sequence thrust of Mt Massico (Figure 3) to the early
Pliocene (5.1 Ma) by using U-Pb geochronology on synkinematic calcite fibers. Hence, we can infer
that this out-of-sequence deformation stage was successive to the deposition of CVTG (ca. 10-7 Ma)
and probably active in the late Messinian-Zanclean, such as suggested for similar structures elsewhere
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located in the central Apennines and Matese area (e.g., [68–72,77]). East-verging out-of-sequence thrusts
have also been reported in the eastern sector of the Campania region. In particular, these structures
deform the upper Messinian-lowermost Pliocene Altavilla Group deposits (e.g., [18]) generally sealed
by the lower Pliocene Baronia Fm [78]. However, in the easternmost sector of the chain (e.g., Daunia
area, Figure 1), also the wedge-top basin deposits of Baronia Fm and middle Pliocene Sferracavallo
Fm are deformed by such east-verging structures [79]. The eastward out-of-sequence thrusting
observed in several localities is consistent with this E-W shortening that ruled the superposition of
the Apennine Platform onto the Lagonegro-Molise Basin domain [20,64]. The complete closure of the
Lagonegro-Molise Basin occurred with the overthrusting of the easternmost sector (Vallone del Toro
succession, [25]) onto the Apulian Platform in the late Messinian-early Pliocene [19]. Subsequently,
the E-W shortening, which acted, until that time, mainly through the thin-skinned tectonics, affected
the buried Apulian carbonates through thick-skinned tectonics. Here, the deformation was recorded
by ramp-dominate thrusts, now forming a buried imbricate belt [80,81]. This thick-skinned thrusting
was probably triggered by the buttressing of the thick Apulian Mesozoic carbonates against the
allochthonous wedge (e.g., [29]) with the positive inversion of pre-existing normal faults located
within the Permo-Triassic basement (e.g., [36]). Such an interpretation has also been considered for
the central and northern Apennines, where deep-rooted normal faults underwent positive inversion
during the Neogene compression and thrust–fold development (e.g., [82–84]). With this in mind,
the eastward out-of-sequence thrusts have to be considered as in-sequence structures enucleated
at depth and crosscutting the already formed orogenic chain. These types of structures are called
envelopment thrusts [64,85,86]. As concerns the N-S shortening direction, we suggest that it could
be considered as related to lateral ramps of the main frontal E-verging thrusts. Figure 12 shows a
tectono-stratigraphic evolution scheme of the analyzed area in the Serravallian-early Pliocene interval.
From the Serravallian-early Tortonian, the Apennine Platform overthrusted onto the Lagonegro-Molise
Basin successions, forming an imbricate fan of thrust sheets in the footwall (Figure 12a). Subsequently,
in the late Tortonian-early Messinian, the CVTG sediments deposited within wedge-top basins on top of
the tectonic pile, sealing the in-sequence tectonic contacts (Figure 12b). The sedimentation was preceded
by an extensional event recorded by normal faults. In the late Messinian-early Pliocene, out-of-sequence
thrusts have developed as the positive inversion of deep-seated normal faults (Figure 12c,d) with a
main eastward tectonic transport and the formation of lateral ramps with N and S vergences.

 

Figure 12. (a–d) Cartoon showing the tectono-stratigraphic evolution scheme of the analyzed area
between the Serravallian and early Pliocene.
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7. Conclusions

Our study reports the occurrence of a regional tectonic event during the late Messinian-early
Pliocene defined by out-of-sequence thrusting. The main thrust, related to this event, is exposed
along the N-NE flank of the carbonate ridges forming the mountain backbone of the Campania region.
This out-of-sequence thrust juxtaposed the Meso-Cenozoic Apennine Platform carbonates onto its
margin (e.g., Laviano and Mt Croce successions) or onto the Frigento unit (Lagonegro-Molise Basin
unit), with the interposition, in both cases, of the upper Miocene wedge-top basin deposits of the
CVTG. The main thrust is marked by a ramp anticline exposed in few localities such as the areas of
Chiusano-Castelvetere and Pietrastornina. We studied the main thrust only in few places, whereas
several secondary structures are common both in the hanging wall and footwall. The structural
analysis indicates two main shortening directions: ca. E-W and N-S. Thanks to the use of the electrical
resistivity tomography and information obtained following a tunnel excavation, the evidence of
such a main thrusting event is given in an area where the thrust is not exposed. The age of this
tectonic event is younger than the age of the CVTG sediments, whose dating of upper Tortonian-lower
Messinian is confirmed by the nannoplankton analysis performed in this study. Similar structures
described in other studies in the whole southern and central Apennines have been dated to the late
Messinian-early Pliocene. These out-of-sequence thrust faults are the surficial expression of deep-seated
ramp thrusts formed as a positive inversion of normal faults located in the Permo-Triassic basement.
These envelopment thrusts developed from west to east of the chain, involving younger and younger
wedge-top basin deposits, from the late Miocene to the late Pliocene, respectively.
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Abstract: Low-grade mylonitic shear zones are commonly characterized by strain partitioning,
with alternating low strain protomylonite and high strain mylonite and ultramylonite, where the
shearing is most significant. In this paper the capo Castello shear zone is analyzed. It has developed
along the contact between continental quartzo-feldspathic, in the footwall, and oceanic ophiolitic units,
in the hangingwall. The shear zone shows, mostly within the serpentinites, a heterogeneous strain
localization, characterized by an alternation of mylonites and ultramylonites, without a continuous
strain gradient moving from the protolith (i.e., the undeformed host rock) to the main tectonic
contact between the two units. The significance of this mylonitic shear zone is examined in terms
of the dominant deformation mechanisms, and its regional tectonic frame. The combination of the
ultramafic protolith metamorphic processes and infiltration of derived fluids caused strain softening
by syntectonic metamorphic reactions and dissolution–precipitation processes, leading to the final
formation of low strength mineral phases. It is concluded that the strain localization, is mainly
controlled by the rock-fluid interactions within the ophiolitic level of the Capo Castello shear zone.
Regarding the regional setting, this shear zone can be considered as an analogue of the initial stage of
the post-collisional extensional fault, of which mature stage is visible along the Zuccale fault zone,
a regional structure affecting eastern Elba Island.

Keywords: strain partitioning; shear zone; quartzo-feldspathic rocks; serpentinite; Elba Island

1. Introduction

Mylonites are within shear zones where high strain conditions developed during ductile
deformation. Some of the causes of their nucleation can be attributed to: (i) pre-existing mechanical
discontinuities [1,2]; (ii) high shear heating [3]; (iii) strain softening caused by fluid-rock interaction and
grain size reduction [4,5]. This latter condition favors crystallization mechanisms [6,7], mostly linked
to the dissolution–precipitation and diffusive mass-transfer [8–10]. There are several cases of strain
partitioning in various tectonic settings and at different scales [10–16]. In the context of collisional and
post-collisional evolution of an orogeny, the partitioning of the strain is well evident at the tectonic
contact between continental and oceanic units, characterized by quartzo-feldspathic and ultramafic
rocks, respectively. This contact commonly develops deformation at temperature conditions up to
about 400 ◦C during collision [17,18]. Furthermore, the presence of syn-tectonic fluids can trigger
metamorphic reactions and pressure–solution processes [19], determining the growth of new weak
minerals, such as micas, in quartzo-feldspathic rocks and talc, serpentine polymorphs and chlorite,
in ultramafic rocks [20–22]. Such processes occur in preferential levels where strain tends to be
localized ([23,24], even at lower temperature values: 300 ◦C–500 ◦C, [25]). In particular, the role of
serpentinite alteration tends to deeply weaken ultramafic rocks strength [25–27] up to make soft an
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original highly competent level, leading to the final formation of a phyllosilicate network (for example,
formed by talc, muscovite and kaolinite) with a very low frictional strength [28–31].

In this large context, a further example is from the Capo Castello shear zone, here presented. This
shear zone is exposed in the eastern part of Elba Island (Italy) delimiting the contact (Figures 1 and 2)
between the oceanic Ligurian units (Oceanic unit 1, in [32,33]) and the continental units (Continental
units 2–3, in [32,33]). It involves ultramaphics, from which insights on the weakening process and role
of talc formation comes out.

 
Figure 1. (a) Geological sketch map of Elba Island showing the seven tectonic units belonging to
the collisional tectonic pile. The black solid square indicates the study area, enlarged Figure 2;
(b) Tectono-stratigraphic columns in the study area: Oceanic Unit 2: S = ophiolite; J = radiolarite
(Mt. AlpeChert Fm.); Cl = calcilutite and cherty limestone (Nisportino Fm.); L = cherty limestone
(Calpionella Limestone Fm.); LC = limestone and shale (Palombini Shale Fm.). Continental Unit 4:
Ev = evaporite (Calcare Cavernoso Fm.); M =massive and cherty limestone and dolostone (Pania di
Corfino Fm., Mt. Cetona Fm., Calcare Massiccio Fm., Grotta Giusti Limestone, Rosso Ammonitico Fm.,
Limano cherty Limestone Fm.); Mp =marls (Posidonia Marlstone Fm.); Ml = Varicolored Shales (Cavo
Fm.). Continental Unit3: Bphy = black phyllite (Rio Marina Fm.); Q = quartzite and phyllite (Verruca
Fm., Mt. Serra quartzite Fm.); M = marble (Valle Giove Limestone Fm.; Capo Pero Limestone Fm.;
Capo Castello Calcschist Fm.); Mc = cherty marble; Cs = calcschist and phyllite (Varicoloured Sericitic
Schist Fm.); Ms =metasandstone and phyllite (Pseudomacigno Fm.) Modified, after [32,33].

Although the Capo Castello shear zone shows a low-grade metamorphism, its architecture does
not show the clear continuous strain gradient typical of mylonitic low-grade shear zone [34,35],
whereas a from edge-to-center alternation of mylonites and ultramylonites is displayed [36].

Then, in the frame of Elba tectonic evolution, some authors account for a contractional and/or
pulsing tectonic regime, active from the Cretaceous to Pliocene–Pleistocene times [37–42]. In this
context, the study of shear zones represents a key-factor in order to contribute to this issue. The reader
is addressed to papers such as [43–47] where this topic is widely treated by means of a discussion
on the reasons why a continuous extensional framework can better explain the regional geological
features of the inner Northern Apennines, where Elba is structurally located.
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Figure 2. Geologic map and cross sections of the study area. The black square indicates the location
Capo Castello shear zone. A schematic and not-to-scale cross section of the study shear zone (grey
shade) is also showed, corresponding to the zoomed area within the BB’ cross section.

2. Geological Framework

The northern Apennines is a collisional belt that originated from the convergence-and-collision
(Cretaceous–Early Miocene) between the Adria microplate and the European plate, the latter represented
by the Sardinia–Corsica block [48,49]. This geodynamic process determined the eastward stacking
of several tectonic units derived from the oceanic (Ligurian Domain), to transitional (Sub-Ligurian
Domain) and continental palaeogeographic domains (Tuscan Domain and Umbro–Marchean Domain)
of the northern Apennines [50].

Since the early-middle Miocene to present, the eastward migrating extension [51–53] affected the
inner part of the northern Apennines and was characterized by [47] Miocene low-angle normal faults,
successively cross cut by Pliocene–present high-angle normal faults. Then, since the late Miocene,
extension was accompanied by widespread exhumation and magmatism with an eastward younging
direction [54].

Elba Island is characterized by seven main tectonic units belonging both to continental and
oceanic domains (Figure 1a). Its tectonic evolution is framed in the one of the northern Apennines,
where (i) a compressional stage (late Oligocene/early Miocene) determined the overthrusting of the
oceanic and continental units, including out-sequence thrusts [55]; (ii) a Miocene–Pliocene extensional
stage characterized by low angle normal faults, e.g., the Zuccale fault [56–58], at least, developed
during and after the emplacement of the Monte Capanne (about 7.0 Ma, [59]) and Porto Azzurro
(5.9 Ma, [60]) granitic complexes, respectively, located to the west and the east of the Island.

The interaction with faulting and magmatism favored exhumation and uplift of the plutons and
their hosting mid-crustal rocks [58]. The Miocene–Pliocene extensional structures are cross-cut by
high-angle normal faults, interpreted as transfer faults, responsible for the hydrothermal fluid flow
that is linked to the cooling of the pluton [46].
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In the study area, the superimposition of oceanic units onto the continental ones is clearly evident
(Figures 1b and 2). In detail, the units of continental pertinence are characterized by carbonate
and quartzo-feldspathic metasedimentary rocks (Cretaceous–Oligocene, [61]; Continental Unit 3 in
Figure 1b) and by calcareous and marly pelagic sediments (Jurassic to Cretaceous–Oligocene [61],
Continental Unit 4 in Figure 1b), locally characterized by intense deformation. The oceanic unit is
composed of remnants of the Jurassic ophiolite succession and its sedimentary cover, made up of
Jurassic radiolarite and Cretaceous–Eocene calcareous sediments, with the latter largely cropping out.

3. The Capo Castello Shear Zone

The hangingwall of the Capo Castello shear zone is characterized by grey limestone,
calcilutite and shale (Palombini shale Fm., in [61], belonging to the oceanic sedimentary cover) and by
low-grade serpentinite (oceanic basement) [62], interested by a pervasive retrograde serpentinization,
but unaffected by the Pliocene thermo-metamorphism induced by the Porto Azzurro pluton [63].
The maximum metamorphic temperature is in fact less than 350 ◦C, comparable with the temperature
for the serpentinite [62] above Continental unit II (Figure 1). Conversely, the footwall is defined by
phyllite, calcschist (Varicolored Sericitic Schist Fm., [61]) and metasandstone with intercalation of dark
phyllite (Pseudomacigno Fm., [59]), belonging to the continental domain (Tuscan Domain). These rocks
are part of the epimetamorphic Tuscan-type succession [63] and experienced metamorphic peak
temperatures of less than 300 ◦C, thus indicating a low regional metamorphic grade [63], ascribed to
greenschist/Qtz-Alb-Ms-Chlsubfacies by [64].

The structure of the Capo Castello shear zone, on the whole gently dipping to the SW (Figure 2),
was analyzed in a 97 m long section, SSW–NNE oriented where the mylonitic rocks have an apparent
thickness of 47.7 m (Figure 3 and Table 1) and are delimited by two different protoliths. The protolith
(i.e., the rock outside the shear zone), at its eastern side (Figure 3), is made up of phyllite and
calcschist (Varicolored Sericitic Schist Fm., in [61]) belonging to the continental unit III, and showing an
intense internal deformation, with isoclinal re-folded folds [61]. Locally, these rocks show intercalated
and metamorphosed dark grey limestones. Differently, the western protolith crops out for 49.3 m
(Figure 3) and it is represented by SW dipping grey limestone and calcilutite, belonging to the
oceanic unit (Palombini shale Fm., [61]). The western edge of the shear zone is characterized by
protomylonites, about 5 m thick, affecting the ophiolite sedimentary cover (Palombini shale Fm., [61]),
while the eastern one is defined by about 10 m thick continental metasandstone (Pseudomacigno
Fm., [61]) protomylonites (Figure 3). Both eastern and western protomylonites grade to mylonite and
ultramylonite serpentinite domains, where the bulk of the deformation is localized (Figure 3).

The differentiation in protomylonite-mylonite and ultramylonite has been carried out taking
into account the distribution and size of porphyroclasts and their percentage areal distribution.
Their semi-quantitative estimation was obtained by the free software SXM v2.5 (http://www.ImageSXM.
org.uk), taking into account four scanned thin sections representative of low and high strain domains
(Figure 4).

In the following section, the full range of structures are described, starting from the protomylonitic
to the mylonitic and ultramylonitic rocks. In addition, a section on later brittle structures affecting the
whole shear zone, is presented, in order to better constrain the different deformation phases of the
study shear zone and to frame the shear zone in the Elba Island tectonic evolution.
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Figure 3. Capo Castello analyzed shear zone involving the quartzo-feldspathic rocks belonging to the
Continental Unit 3 and the ophiolite-bearing rocks, with their sedimentary cover, belonging the Oceanic
Unit 2. (a) Panoramic view of the study area with the boundary between different rock formations
involved in the faulting and the scan line trace in black; (b) Protolith (i.e., the rock undeformed by
the study shear zone) of calcschist and phyllite characterized by isoclinal folds; (c) metasandstones
involved in the shear zone; (d) serpentinite level in the shear zone; (e) protolith with limestone and shale,
structurally located over the serpentinite; (f) scan-line showing the lithology, and the distribution of the
strain domains; (g) Structural data (lower hemisphere, Schmidt diagram) of the low and high strain
domains. Stereoplots indicate cyclographic traces of C and S surfaces and of the brittle west-dipping
structures F see the text for description; (h) Average stereoplots showing top-to-the ESE shear sense (to
the right) and west dipping brittle structures (to the left).Structural and kinematic data are plotted in
stereographic diagrams, lower hemisphere, equiareal projection. Stereograms were obtained by OSX
Stereonet, from: http://www.geo.cornell.edu/geology/faculty/RWA/RWA.html.
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Table 1. Descriptive strain intensity Capo Castello shear zone domains within quartzo-feldspathic
rocks and ophiolite, excluding the small level of ophiolite sedimentary cover.

Lithology Strain Intensity Features

Quartzofeldspathic rock
(metasandstone)

Low strain domain

Protomylonitic fabric
Weak crystallized matrix (< 50%)

Weak foliation
Low frequency distribution of

S/C structures
Absence of shear bands (C’/C”)

Minor grainsize reduction
Minor sintectonic mineral growth
with weak preferred orientation

Area covered by
porphyroclasts: 0.8%

High strain domain

Mylonitic fabric
Dark grey recrystallized matrix

(between 50% and 90%)
Intensely foliated

High frequency of S/C structures
Presence of C/C” shear bands

Significantly grainsize reduction
Moderate sintectonic mineral

growth with moderate
preferred orientation

Porphyroclast with σ-shape, rare
θ-type

Area covered by
porphyroclasts: 10%

Ophiolite
(serpentinite)

Low Strain domain

Mylonitic fabric
Dark crystallized matrix (between

50% and 90%)
Intensely foliated

Moderate frequency distribution
of S/C structures

Absence of shear bands (C’/C”)
Moderate grainsize reduction
Moderate sintectonic mineral

growth with strong
preferred orientation

Porphyroclast with σ and ∂-shape
Area covered by

porphyroclasts: 13%

High strain domain

Ultramylonitic fabric
Almost completely recrystallized

matrix (<90%)
Intensely foliated

High frequency of S/C structures
Presence of C/C” shear bands

Intense grainsize reduction
Pervasive sin-tectonic mineral
growth with strong preferred

orientation
Porphyroclast ∂ and θ-shape

area covered by
porphyroclasts: 2%
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Figure 4. Area percentage occupied by porphyroclasts, as computed using image analysis.
(a,b) quartzo-feldspathic protomylonite domain; (c,d) quartzo-feldspathic mylonitic domain;
(e,f) myloniticserpentinite; (g,h) ultramylonite in serpentinite level. Srp: serpentine; Lit: lithic clast;
Carb: carbonate clast; Mag: magnetite; Mgs: magnesite; Tlc: talc; Ultrm: ultramafic clast.

3.1. Protomylonites

On the SW side of the shear zone, the protomylonite is composed by metasandstone with
sericitic-chloritic matrix and less amount of calcitic cement. This level is weakly foliated with rare S/C
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structures (Figures 3g and 5a). The matrix results only partly crystallized (< 50%) and the original
mineral assemblage is still recognizable, made up of Qtz + Kfs +Ms ± Cal + Bt ± Chl + Fe − Ox.
The grain size did not experience a drastic reduction and syntectonic minerals with a preferred
orientation are rare. The porphyroclasts are scarce and often represented by lithics with common
microlithic textures. The image analysis displays porphyroclasts covering an area of about 1%
(Figure 4a,b). Micas, together with elongated and stretched magnesite and quartz ribbons, are mainly
located along the S-foliation (Figure 5b,c). The contact between the metasandstoneprotomylonite and
the metasandstonemylonites is gradual and marked by an eastward increase in the intensity of foliation
and number of porphyroclasts in the matrix.

Figure 5. Protomylonitic domains in the quartzo-feldspathic rocks (a–c) and in the (d) calcilutite of
oceanic pertinence. (a) S/C structures with a top-to-the-east shear sense and related line drawing;
(b) microscale S/C structures by micas and Fe-oxides and related line drawing; (c) crossed polars
micrograph showing S surface underlined by magnesite ribbons, micas and Fe-oxides; (d); top-to-the-east
S/C structures in the calcilutite.

On the NE side of the shear zone, the protomylonite is characterized by the sedimentary cover of
the serpentinite composed of calcilutite with interbeddedshales. This domain is less deformed with
respect to the quartzo-feldspathic protomylonite and the matrix is weakly crystallized. The clayey
layers, comprised between isolated calcilutite blocks, record a relatively intermediate deformation,
indicated by the occurrence of a centimeter to decimeter scale top-to-the-east S/C structures, with angle
of about 45◦ between S and C foliations, thus indicating a scarce rotational strain with respect to the one
observed in the serpentine mylonites and ultramylonites (Figure 5d). The end of the protomylonitic
fabric matches the lithologic passage to the basement cover, represented by the underlying serpentine.

3.2. Mylonites

Metasandstonemylonites differ from the protomylonite by the higher proportion of dark grey
crystallized matrix and a larger amount of porhyroclasts and foliation intensity. The latter is indicated
by an increase in the alignment of micas and by a stretching and flattening of quartz and magnesite
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crystals. Foliations are here represented by S/C structures, generally making angles of less than 40◦
(Figure 3g). These, both in oriented thin-sections and at the outcrop scale, show a general top-to-the-ESE
sense of shear (Figure 3g,h and Figure 6a).

 
Figure 6. Mylonitic domain within quartzofeldspathic rocks. (a) crossed polars micrograph of a
highly foliated matrix with small porhyroclasts and shear bands; (b) isolated carbonatic porphyroclast;
(c,d) sigmoidal carbonate porhyroclasts and its detail with the line drawing, pointing to a top-to-the east
shear sense; (e) crossed polars micrographs displaying an altered lithic porphyroclast, affected by small
carbonate veins and wrapped by magnesite ribbons; magnesite is also dispersed in the highly foliated
matrix; (f) carbonate porphyroclast in a darker crystallized matrix; (g) crossed polars micrographs
showing lithic porhyroclast dispersed in an intensely foliated and crystallized matrix. (h) large δ-type
ultramafic porphyroclast pointing to a top-to-the east shear sense.
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In the matrix, dark and very fine-grained extensional shear bands (C’/C”) are also recognizable
(Figure 6a). Commonly, the porphyroclasts contained in the matrix, show small size (up to 6 × 4 cm
on average) and are characterized by qtz-lithics and/or carbonate and Fe-Ox clasts (Figure 6b–g).
The only exception is represented by two large (ca. 1.5 × 3 m and 90 × 50 cm) ultramafic porphyroclasts
(Figure 6h), including smaller (ca. 30 × 20 cm and 15 × 5 cm, respectively) carbonate clasts.

Many porhyroclasts are parallel to the foliation or, more often, they display, σ-shape features
(Figure 6c,d), locally showing strain shadows prevalently filled by white micas. Such σ-shape features
point to a general top-to-the-ESE sense of shear, coherently with the S/C structures, as previously
described. Occasionally, porphyroclasts are also rounded or naked-θ-type wrapped by magnesite
ribbons and partly crystallized. On the whole, the average area covered by porhyroclasts is about 10%
(Figure 4c,d) of the total area.

Within the myloniticserpentinite domain, the intensity of the foliation increases. The S/C fabric is
well developed and porphyroclasts of ultramafic and carbonate composition (Figure 7), ranging from
5 × 8 cm to 70 × 30 cm in size (Figure 7), are abundant, covering about 13% (Figure 4e,f) of the total area.
Commonly, these porphyroclasts are aligned along the main foliation (Figure 7a–c). When they have
experienced rotation, they show asymmetric tails and pressure shadows, forming σ-shape structures
(Figure 7b–e). With the increasing of rotation, ∂-type clasts are also generated (Figure 7f). Again,
the asymmetry of porphyroclasts displays a top-to-the-east sense of shear.

Figure 7. Mylonitic domain in serpentinite rocks. (a–c) well expressed schistosity, in crystallized matrix
with large porphyroclasts (predominantly of carbonate composition), aligned along the main foliation;
(d,e) top-to-the-east carbonate and ultramafic porhyroclasts; (f) top-to-the-east δ-type ultramafic
(enlarged in g) and carbonate porphyroclasts.
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Where the mylonitic serpentine passes into the ultramylonite domain, the contact is gradational
and the strain intensity rises up. This is marked by an increase in the intensity of foliation, definition of
S/C fabric, and a gradual decrease in the presence of porphyroclasts and their size.

3.3. Ultramylonite

Ultramylonitic serpentinites are characterized by dark-green to black crystallized matrix (<90%)
and intense grain-size reduction (Figure 8a–c). These rocks show a strong planar fabric and a drastic
reduction of the amount and size of the porphyroclasts. These are mainly represented by ultramafic,
carbonate and magnesite clasts, with size up to 5 × 2 cm. Clasts are dispersed within a highly foliated
matrix (Figure 8b–g). By the image analysis, porphyroblasts occupy an area of about 2% (Figure 4g,h),
having a σ and δ-shape with pressure shadows filled by serpentine and talc. Locally, naked θ-shape
porphyroclasts, typical of ultramylonites, can occur, testifying an increase in rotation, a shearing
thinning and/or a complete crystallization of the porphyroclast tails. The mylonitic foliation is well
preserved and it is almost parallel to the SW dipping C-plane (Figure 8a–c). This latter, coupled with
the attitude of the S-planes, generates small angles (<25◦), indicating a main top-to-the-SE sense of
shear (Figure 3g–h), in agreement with the asymmetric shape of the porhyroclasts and the geometry of
their asymmetric pressure shadow tails (Figure 8d,e,g).

 
Figure 8. Ultramyloniticserpentinite domain. (a,b) closely spaced top-to-the-east S/C and shear bands
structures, respectively; (c) highly foliated matrix with tiny porphyroclasts aligned along the main
schistosity; (d) Crossed polars micrograph showing an asymmetric magnetite porphyroclast with
well evident strain shadow, mainly composed of talc and serpentine and pointing to a top-to-the-east
shear sense; (e) crossed polars micrograph showing an asymmetric (top-to-the-east shear sense)
magnesiteporphyroclast with a well evident strain shadow, mainly composed of talc; (f) rounded
ultramafic porphyroclasts dispersed in a highly foliated matrix; (g) crossed polars micrograph showing
an euhedral magnetite porphyroclast with a well-developed strain shadow, mainly composed of talc
and serpentine.
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3.4. Petrographic Features of the Mylonitic and Ultramylonitic Serpentine

Since the serpentinite level played an important role in controlling the deformation along the shear
zone, to deepen the knowledge of their mineralogical composition and microstructures, key-samples
have been analyzed by SEM/EDS technique and Raman spectroscopy. The SEM/EDS operating
conditions were of 15 Kv and 15 nA (Table 2), while the Raman measurements were performed using
a Labram Micro-Raman spectrometer by Horiba, equipped with a He-Ne laser source at 632.8 nm
(nominal output power 18 mW). The spectral region from 150 to 1100 cm−1 was investigated since
these include the lattice vibration modes of the serpentine species [65]. The detected bands show
low temperature serpentine minerals, such as lizardite [66], locally mixed with antigorite and in
minor amount, chrysotile (Figure 9), often present with chlorite in late veins. The peaks around
800 testify the presence of olivine mesh texture. Spectra were likened to those obtained in [65,67–69],
with comparable results.

Table 2. Representative mineral analyses in serpentinite gouge rock. Srp = serpentine; Tlc = talc; Mgs
=magnesite; Mag =magnetite; Mg-Chr =magnesium-chromite; Cal = calcite; Dol = dolomite; Chl
= chlorite, four types of chlorite (Penninite, Pycnochlorite, Chlinochlore and Sheridanite) have been
detected. Structural formulae of Mag and Mg-Chromite have been calculated on the basis of 4 oxygens
and 3 cations. Apart from the last two oxides, for all the minerals the total amount of Fe has been
considered only as Fe2

+CO3 has been calculated.

Mgs Cal Dol Tlc Srp
Chl-

Penninite
Chl-

Oycnochlorite
Chl-

Chlinochlore
Chl-

Sheridanite
Mag Mg-Chr

SiO2 0.000 0.000 0.000 62.360 41.960 35.060 34.960 35.640 31.200 0.000 0.000
TiO2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.370

Al2O3 0.000 0.000 0.000 0.470 2.210 16.440 20.070 24.300 27.200 0.000 4.900
Cr2O3 0.000 0.000 0.000 0.000 0.410 0.000 0.000 0.000 0.000 0.000 32.400
FeO 8.520 0.870 0.770 1.910 3.340 11.200 19.790 1.870 3.500 92.410 46.380

MnO 0.260 0.230 0.370 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
MgO 38.970 2.710 16.070 29.320 38.440 30.250 19.860 33.700 31.080 0.410 14.450
CaO 0.980 45.490 27.510 0.000 0.000 0.080 0.360 0.360 0.360 0.180 0.000

Na2O 0.000 0.000 0.000 0.000 0.000 0.830 0.580 0.780 0.780 0.000 0.000
K2O 0.000 0.000 0.000 0.000 0.000 0.120 0.160 0.180 0.180 0.000 0.000
CO2 48.700 39.335 39.838

TOTAL 97.430 88.635 84.558 94.060 86.360 93.980 95.780 96.830 94.300 93.000 98.500
Si 0.000 0.000 0.000 8.030 1.979 6.349 6.414 5.965 5.426 0.000 0.000
Al 0.000 0.000 0.000 0.071 0.123 3.509 4.340 4.793 5.575 0.000 0.009
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.189
Cr 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.835

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.000 0.958
Fe2+ 0.214 0.027 0.023 0.206 0.132 1.696 3.037 0.262 0.509 0.969 0.307
Mn 0.007 0.009 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 1.747 0.153 0.891 5.628 2.703 8.167 5.432 8.408 8.058 0.024 0.702
Ca 0.032 1.811 1.076 0.016 0.000 0.016 0.071 0.065 0.067 0.007 0.000
Na 0.000 0.000 0.000 0.291 0.000 0.291 0.206 0.253 0.263 0.000 0.000
K 0.000 0.000 0.000 0.028 0.000 0.028 0.037 0.038 0.040 0.000 0.000

Σcations 2.000 2.000 2.000 13.935 4.952 20.056 19.538 19.784 19.938 3.000 3.000
CO3 2.000 2.000 2.000
XMg 0.874 0.077 0.445 0.965 0.954 0.828 0.641 0.970 0.941 0.024 0.696

The mineralogical paragenesis, characterizing the matrix, is composed by talc-serpentine
minerals-chlorite-magnesite-calcite-pyroxene-spinel-oxides and small amount of dolomite and quartz.
On the whole, this mineral assemblage points to a sub-green-schistsfacies [4]. Porphyroclasts are
mainly represented by lizardite-rich serpentinite fragments, talc, magnesite and calcite (Figure 10a,b).
Often, talc porphyroclasts contain chrysotile vein textures (Figure 10c). There are no textures indicating
a prograde alteration of lizardite to antigorite.

Crystal habits of relict orthopyroxene and olivine (Figure 10f–h), suggesting a harzburgite
composition of the ultramafic protolith, are sometimes preserved, although no pure composition
has been detected. However, the original orthopyroxene, is indicated by the presence of bastite
(serpentine + fine-grained carbonate) and by the texture and striations disposed along the cleavage
planes (Figure 10f,g). Bastite lamellae are generally colorless and with a lamellar extinction pattern.
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Sometimes relic pyroxene is dissected by carbonate veins (Figure 10f). Serpentinized olivine although
sometimes replaced by talc, is indicated by the presence of mesh and hourglass texture with variable
internal configuration, that may enclose relicts of olivine crystals, evident under optical microscope
(Figure 10h). The great majority of these pseudomorphic textures are prevalently composed by
micro-crystalline lizardite lamellae and minor chrysotile and antigorite, suggesting that serpentine
mainly crystallized at the boundary Opx-Ol, and mostly at the expense of olivine.

 
Figure 9. Raman spectra in the low-wave number region of (a) mixed lizardite and antigorite and
(b) chrysotile.

Magnesite is abundant, occurring as porphyroclast wrapped by talc and serpentine (Figure 10b),
and as fine aggregates in the matrix. Often magnesite is encountered as monomineralic and
cryptocrystalline veinlets, with serrated or sharp contacts in the enclosing serpentinite and talc
(Figure 10i). The presence of magnesite, both in the matrix and as porphyroclasts, suggests that the
alteration of the protolith to foliated serpentinite predates the mylonitic event.

Magnetite, and subordinately magnesium-chromite, occurs as prismatic, sometimes brecciated
and rarely elliptical. In some cases, the oxide strain shadows are characterized by talc and serpentine.
During serpentinization, magnetite can precipitate during the alteration and oxidation of olivine and
orthopyroxene [70,71]. In this case, magnetite forms fine clusters of tiny opaque crystals, surrounding
the altered primary minerals, concentrating at the mesh rims or resulting dispersed within the
serpentinite texture and deformation zone. (Figure 10h).

Within the highly deformed rock, the mylonitic and phyllonitic fabric is underlined by the
presence of lizardite, chrysotile, talc, Mg-chlorite (penninite, clynochlore, Table 2) and carbonate clasts.
A strongly oriented pervasive foliation, characterized by lizardite and talc (Figure 10b,d,e), is locally
outlined by oxide alignment (Figure 10a), determined by the spinel Mg-chromite and magnetite
(Table 2). Often, both talc and lizardite wrap porhyroclasts composed of magnesite and serpentinite
fragments (Figure 10a,b,d) and occur in their strain shadows, indicating a syntectonic crystallization,
coeval with the grain-size reduction, in the phyllonitic levels.
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Figure 10. (a) sigmoids of serpentine and talc in the mylonitic serpentinite domain; tiny magnetite
crystals are aligned along the main schistosity. Within the talc, small dolomite minerals are
recognizable; (b) magnesite δ-type porphyroclast with strain shadows filled by talc; (c) chrysotileveinlets
cross cutting talc crystal; (d) microstructures pointing to plastic deformation accommodated by
a dissolution–precipitation mechanism in the presence of weak minerals as talc and serpentine;
(e) Interconnected network of talc and magnesite; (f) bastite texture (lizardite + fine-grained carbonate)
with lamellar extinction and striations disposed along the cleavage planes of the original orthopyroxene
in SEM/BSE image; (g) the same pseudomorphic texture under optical microscope (crossed nicols);
(h) deformed mesh boundaries picked out by magnetite and characterizing the substitution of olivine
crystal with serpentine (lizardite) and talc (optical microscope, crossed nicols); (i) vein filled with
magnesite and having serrated boundaries indicating a reaction processes producing talc. Along the
central axis of the vein, dolomite and talc in small amounts indicate dissolution–precipitation reactions
producing talc.

3.5. Brittle Structures

The rocks involved in the shear zone are also affected by later west dipping faults cross-cutting
the previously formed S/C structures (Figure 11a,b and Figure 12a,b) and porphyroclasts (Figure 12c,d).
Often these faults show shear veins on their slip surfaces with calcite mineralization (Figure 12b).
Their average dip-direction is N220, with a plunge of about 50◦ (Figure 3g,h). These structures are also
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recognized at the microscale, determining the slicing of porhyroclasts (Figure 11c,d and Figure 12e–g).
Locally, these grain-scale faults are also subsequent to carbonate extensional veins (Figure 11e,f).
The later brittle event is also testified by occurrence of centimeter to millimeter thick E–W trending
extensional fibrous antitaxial calcite and magnesite veins (Figures 11e–g and 12h) and by Fe-Oxides
and hydroxydes veins cross-cutting porphyroclasts. These veins become more abundant toward the
domain where the continental metasandstone crops out. In most cases, the veins follow the foliation
defined by the C-planes. Within the metasandstone, fibrous magnesite veins also occur, cross-cutting
the main foliation. Locally, also magnesite blocky veins are found, showing well developed magnesite
crystal faces and cemented by a microcrystalline calcite (Figure 11h).

Figure 11. Brittle structures in the quartzo-feldspathic rocks. (a,b) West dipping faults dissecting the
S/C structures and its corresponding line-drawing; (c,d) micrographs showing lithic porphyroclasts
cross cut by small scale faults (crossed nicols); in (d) the porphyroclast is also wrapped by magnesite
ribbons; (e) magnesite vein affected by fractures; (f,g) micrographs of fibrous, antitaxial extensional
calcite; (h) blocky magnesite.
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Figure 12. Later brittle structures in ophiolites. (a) west-dipping normal fault zone; (b) west-dipping
faults with calcite mineralization on their slip-planes; (c,d) carbonate and ultramafic porphyroclasts
dislocated by west-dipping fault (F-structure); (e) crossed polars micrograph showing a sliced up
magnetite porphyroclast; (f) crossed polars micrographs showing a magnesite porhyroclast cross cut
by a west-dipping fault; (g) crossed polars micrograph showing a fragmented pyroxene cross cut by
magnesite veins; (h) calcite veins overprinting previous brittle structures cross cutting porhyroclasts;
(i) calcilutite cross cut by calcite veins with internal small regular elements, testifying a possible
contribute of hydraulic pressure during the fracturing process.

In addition, the bulk of the carbonate beds belonging to the oceanic sediments are affected by
calcite veins with thickness up to about 5 cm (Figure 12i). Often, these veins are characterized by small
regular clasts, accounting for a contribute of the hydraulic pressure during the fracturing process.
Locally, these veins also cross-cut the west-dipping brittle structures.
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4. Discussion

This section discusses the deformation of the two main lithotypes controlling the evolution of
the Capo Castello shear zone: the serpentinite and the quartzo-feldspathic sedimentary rocks and the
implications of the study shear zone in Elba geological framework.

It is well known the principal mineral phase of serpentinite, the serpentine, is characterized by
different polymorphs, reflecting different elastic [72,73] and rheological properties [26,27]. To constrain
the PT to which serpentinite underwent the characterization of the serpentine polymorphs is a crucial
information. Commonly, lizardite and chrysotile are the dominant varieties occurring in low-grade
metamorphic ophiolites [74]. In addition, experimental studies ([68] and natural sample analyses [71],
show that under 300 ◦C and P < 4 kbar (sub-greenschist facies) the lizardite and secondarily the
chrysotile are the stable polymorphs, while between 320 ◦C and 380 ◦C and at a higher pressure
(4 < P < 24 kbar, blueschists facies) the lizardite is gradually replaced by antigorite that became the
only serpentine variety occurring above 380 ◦C.

As regards the case under study, Raman spectroscopy analysis displays that the most abundant
serpentine mineral, both in the matrix and in the pseudomorphic meshes, is the low-grade lizardite and
in minor amount chrysotile (Figure 9). These two polymorphs commonly occur in the sub-green-schists
facies [4]. However, some spectrums show a weakly mixing of lizardite and antigorite, suggesting a
transition reaction from these two polymorphs. Therefore, comparing the Capo Castello serpentinite
with other experimental and natural cases [26,68,74–76], the hypothesized PT conditions at which
the study shear zone was active are T ≈ 320 ◦C and P < 5 kbar, thus related to the upper part of the
greenschist facies (Figure 13).

 
Figure 13. Phase diagram of antigorite and lizardite (from [69], modified). Symbols: Lz-lizardite,
Atg-antigorite, Chr-chrysotile, Fo-forsterite, Tlc-talc, Brc-brucite. Reaction (1) is from [68] and occurs in
the presence of SiO2-rich fluids by dissolution–precipitation processes. The pale blue area represents
the coexisting lizardite and antigorite in the Capo Castello shear zone stability field.
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Serpentine minerals are also at the base of Capo Castello shear zone deformation mechanism,
because of their low frictional coefficient due to the weak interactions among OH groups and silicate
layers [26,77] mostly within the lizardite and chrysotile polymorphs [78,79]. Therefore, given the easy
gliding along their basal plane [80], the deformation within the Capo Castello harzburgite protolithis
favored and its serpentinization can be considered an efficient mechanism to reduce rock strength,
thus permitting easy slip processes. In this context, [29] demonstrate that during serpentinization,
the friction coefficient is lowered from μ = 0.6 to 0.3. According to its mineralogical assemblage,
the Capo Castello serpentinite developed at low temperature (T < 320 ◦C), in an open system that
favored the infiltration of fluids, [81] demonstrated that meteoric groundwater can be the main factor
in serpentinization, forming lizardite and chrysotile minerals. In addition, as documented in several
fault zones [5,30,82–84], the intense foliation can also derive from an earlier influx of hydrous fluids,
favoring reactions in the initial stage of the cataclasite formation, thus leading to softening of the
ultramafic rock and triggering fluid assisted dissolution–precipitation and pressure–solution processes
(Figure 10a,d).

The high strain domain along the shear zone (Figure 10e) is also a consequence of the presence
of talc and minor talc-carbonates, distributed along the serpentinite foliation [83]. Summing up,
and taking into account the textural and petrographic observation, different metamorphic reactions,
leading to the formation of low strength mineral phases, can be reasonably considered in the following
order [85]:

3Fe2SiO4 + 2H2O = 2Fe3O4 + 3SiO2 + 2H (1)

3Mg2SiO4 + SiO2 + 2H2O = 2Mg3Si2O5(OH)4 (2)

These first reactions lead to the serpentinization of olivine, as suggested by the pseudomorphic
olivine texture (Figure 10h). These reactions produce the initial weakening of the shear zone. Fayalite is
oxidized in magnetite, releasing SiO2 fluids, in turn consumed in the second reaction, to form
serpentine from the forsterite component. The results assemblage is serpentine (chrysotile/lizardite),
magnetite and some left unreacted olivine [83], as testified by the detected mineral phases within the
serpentinite samples.

The following reaction is given by [83]:

Mg3Si2O5(OH) 4 + SiO2=Mg3Si4O10(OH)2 + H2O (3)

Serpentine, in the presence of silica-rich fluids, can then react to provide talc, a further low strength
mineralogy phase. Silica-rich fluids originate from the interaction with the neighboring quartz-rich
sediments, suggesting an open system within the ultramafic rock.

The system opening, then, can bring to other, even coeval, metamorphic reactions, here referred to
as (4) [86]. Magnesite, being present both along the foliation and within later veins (Figure 11e,h), can be
considered as developing from the initial-to-mature stages of shearing, based on the following reaction:

4Mg2SiO4 +2H2O + 5CO2=Mg3Si4O10(OH)2 + 5MgCO3 (4)

This is enhanced by the interaction with CO2 rich fluids, coming from atmosphere and the
surrounding carbonate rocks [87,88], i.e., the ophiolitic sedimentary cover, enhancing the alteration
processes of the ultramafic protolith [89,90].

Furthermore, magnesite, can result from the reaction of tremolite, that is normally present in
ophiolite. In our study area, however, this amphibole was never detected, thus suggesting its total
involvement in the following reaction as (5) [91], producing talc, too:

Ca2Mg5Si8O22(OH)2 + 4CO2=Mg3Si4O10(OH)2 + 2CaMg(CO3) +4SiO2 (5)
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It can be concluded that the strain localization and partitioning, is mainly controlled by the
occurrence of infiltrated fluids when serpentine is already formed, thus influencing the mechanical
behavior of the fault rocks, causing a strain softening process by syntectonic metamorphic reactions
and formation of phyllosilicate networks. This process is therefore envisaged to modify low to
high strain zones [86], since dissolution–precipitation processes are efficient even in low strain
domains, as demonstrated in several upper crustal fault zones [92,93]. As already described, in the
quartzo-feldspathic rocks, the low strain domain is represented by protomylonitic fabrics. It shows a
partly crystallized matrix (<50%), a slight grain size reduction (Figure 5a,e) and rare newly forming
minerals, with a weak preferred orientation. The foliation is well expressed and porphyroclasts
are scarce. Differently, the higher strain domain, characterized by a mylonitic fabrics, displays an
increased proportion of crystallized matrix, a higher amount of porhyroclasts and foliation intensity,
diffuse top-to-the-east S/C structures, alignment of micas, and stretching and flattening of quartz
and magnesite crystals (Figure 6). The occurrence of magnesite testifies the presence of syntectonic
magnesium-bearing solutions within the quartzo-feldspathic rocks. Fluids, in fact, became Ca− and
Mg− enriched, passing firstly through the ophiolitecarbonatic cover and then through the serpentinite
levels, structurally located at the top of the quartzo-feldspathic rocks. At the 200–300 ◦C temperature
interval the presence of fluids activates pressure–solution processes [88], becoming the dominant
deformation mechanism. As a consequence, the production of relative lower strength mineral phases,
as biotite and white mica and their segregation in particular layers, led to a softening reaction process
and volume reduction [19].On the whole, along the Capo Castello shear zone, the serpentinite domain
results the most deformed with respect to the metasandstone; this indicates that during the shear zone
activity the crystallization and fluid flow were strongly localized within the serpentinite rocks.

As regards the frame of the Elba island regional geology, the structural and petrographic
features of the Capo Castello shear zone can be compared with the Zuccale normal fault (Figure 1),
an extensional regional structure affecting Elba Island and locally juxtaposing ophiolite onto quartzitic
rocks [30,55–58,84]. Both shear zones, in fact, are characterized by S/C and C/C’ type shear structures,
having a general consistent top-to-the-east sense of shear (Figure 14).

According to the Zuccale fault zoning, proposed by [56], their highly foliated levels (L2–L3)
with serpentine-tremolite-talc-chlorite schists and chlorite phyllonite record the same deformational
mechanisms of the Capo Castello serpentinite level. The main difference between the two structures
is that, the Zuccale fault is characterized by a concentrated level of low strength mineral phases,
whereas the latter is more widely distributed in the Capo Castello shear zone, probably a consequence
of the original composition of the involved ultramaphics and/or to a minor degree of flattening.
Another difference between the Zuccale and Capo Castello shear zone can be recognized in the
origin of silica-rich fluids. These are in fact related to a magmatic origin at Zuccale, due to the
proximity with the Porto Azzurro Pluton. Differently, the Capo Castello area is far from any magma
source [46] and therefore the origin of silica rich fluids should be related to fluid circulation from
nearest quartzo-feldspathic rocks. Finally, from a tectonic point of view, both structures determined
a tectonic omission in the original stacked pile, although at different stages of evolution (Figure 15).
By this, the Capo Castello shear zone, located in the hanging wall of the Zuccale fault, can be considered
as a part of the deformation associated to an older, exhumed, regional detachment, representative
of the initial stage of deformation, now visible at Zuccale in its mature stage. Regarding kinematics,
at Capo Castello shear zone, it was observed that the micro and meso-structures generally point to a
top-to-the-east sense of shear (Figure 14), while the main shear zone attitude is dipping to the west
(Figure 2), as all the later brittle structures cross cutting the S/C pairs and the asymmetric porphyroclasts.
This feature suggests a passive rotation of the fault hangingwall as a consequence of gravitational
processes occurred during the lateral crustal segmentation that generated megaboudin structures,
as already documented in other part of the Tuscany ([41,49,50]). In this context, the kinematic indicators
of the study shear zone were also rotated and the present top-to-ESE kinematic indication (Figure 3) is
reasonably influenced by this latter process.
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Figure 14. Sketch comparing the Capo Castello shear zone and the Zuccale normal fault stratigraphy.
Along the Capo Castello shear zone log, the different strain domains are represented. The Zuccale
normal fault log is reconstructed taking into account [56]. L1: cataclasite, locally with protomylonitic
basement clasts, in a carbonate-quartz-chlorite matrix; L2: highly foliated unit of serpentinite plus
tremolite-talc-chlorite schist; L3: highly heterogeneous unit of chlorite phyllonites with lenses of
carbonate mylonite; L4: carbonate vein-rich unit set in a cataclasite with carbonate and ultramafic
lenses; L5: foliated fault gouge and fault breccia. Deformation structures and deformation mechanisms
of L2–L3 units are similar to the ones of the serpentinite levels in the Capo Castello shear zone.

Finally, even if no dating is available in this area, the activity of the Capo Castello shear zone can
be encompassed between 19.8 ± 1.4 Ma ([33], age of HP event) and late Miocene–Early Pliocene (age of
Zuccale activity, [59]). In this view, the west dipping F-structures (i.e., the latest brittle deformation),
accommodated the passive rotation of the hangingwall.
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Figure 15. Tectonic scheme, not to scale, showing the tectonic omission, caused by the low angle normal
fault to which the Capo Castello shear zone belongs, and its relationship with the low-angle Zuccale
normal fault, in the stacked pile. From the top to the bottom: (1) the original Elba Island stacked pile
linked to the Late Oligocene–early Miocene collisional phase; (2) the tectonic omission linked to the
activity of the low angle normal fault to which the Capo Castello shear zone is associated; the Oceanic
Unit 2 is in direct contact with the continental unit 3; (3) the tectonic omission generated by the Zuccale
normal fault along which the Oceanic unit 3, the highest unit in the tectonic pile, overlay the deepest
continental unit 1. Symbols indicate the Oceanic (OU) and the Continental Units (CU) stacked during
the orogenesis. See also Figure 1.

5. Conclusions

The study of the geometry, kinematics, textural and mineral chemistry of the Capo Castello shear
zone allowed to draw the following conclusions:

Along the shear zone the heterogeneous strain effects are prevalently influenced by lithology.
Within the quartzofeldspathic rocks the low strain domains are expressed by a protomylonitic fabric,
generally characterized by a poorly crystallized matrix and a weak grain size reduction and foliation.
Within the higher strain domain, the metasandostones show a mylonitic fabric with a dark grey
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crystallized matrix and a higher amount of porhyroclasts and foliation intensity, represented by a
top-to-the-east S/C structure, locally accompanied by C’/C” shear bands. Apart from the ophiolitic
sedimentary cover showing a weak protomylonitic fabric, the serpentinite level records a more intense
deformation. In fact, the low strain domains are characterized by a mylonitic fabric, while the higher
strain domains by an ultramylonitic one, both of them displaying an intense foliation marked by S/C
structures. These two domains show an alternation along the shear zone without a clear strain gradient
from the edge to the center of the structure. The passage from the mylonites zone to the ultramylonites
is underlined by increasing the proportion of crystallized matrix, of the grain-size reduction and
of the number and size of the porphyroclasts. Within the ophiolitic rocks, the partitioning of the
strain is expressed as the development of the mylonitic fabric in the low strain domains, and of the
ultramylonitic fabric in the high strain ones.

The serpentinite level, due to the peculiar mineralogy of the serpentine minerals, acts as a lubricant
along the shear zone, accommodating most of the deformation. The presence of the infiltrated fluid
influences the mechanical behavior of the serpentinite, causing strain softening processes by sintectonic
metamorphic reactions and dissolution–precipitation processes leading to the final formation of a low
strength phyllosilicate networks dominated by talc.

As a maximum, deformation ceased at T � 320 ◦C and P < 5 kbar (upper greenschistsfacies) as
defined by the stability field of lizardite + chrysotile, the dominant serpentine polymorph along the
Capo Castello shear zone, and by the antigorite mixing testifying the previous transition to lizardite.

In the frame of the extensional tectonics continuously characterizing the inner northern Apennines
since the Miocene, the study shear zone is considered an older, exhumed analogue of the Zuccale
low-angle normal fault. According to this interpretation, this structure is ascribed to an extensional
detachment acted in the time interval between the high-pressure event (19.8 ± 1.4 Ma) and the activity
of the Zuccale normal fault (Late Miocene–Early Pliocene). The main novelty of this work is to have
recognized a shear zone, being part of an older, exhumed structure comparable to the low-angle
Zuccale regional fault. This implies that the extensional tectonics continuously developed through
time, joined with regional uplift and exhumation.
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Abstract: We review and refine the geological setting of an area located nearby the Tyrrhenian
seacoast, in the inner zone of the Northern Apennines (southern Tuscany), where a Neogene mon-
zogranite body (estimated in about 3 km long, 1.5 km wide, and 0.7 km thick) emplaced during
early Pliocene. This magmatic intrusion, known as the Gavorrano pluton, is partially exposed in a
ridge bounded by regional faults delimiting broad structural depressions. A widespread circulation
of geothermal fluids accompanied the cooling of the magmatic body and gave rise to an extensive
Fe-ore deposit (mainly pyrite) exploited during the past century. The tectonic setting which favoured
the emplacement and exhumation of the Gavorrano pluton is strongly debated with fallouts on the
comprehension of the Neogene evolution of this sector of the inner Northern Apennines. Data from
a new fieldwork dataset, integrated with information from the mining activity, have been integrated
to refine the geological setting of the whole crustal sector where the Gavorrano monzogranite was
emplaced and exhumed. Our review, implemented by new palynological, petrological and structural
data pointed out that: (i) the age of the Palaeozoic phyllite (hosting rocks) is middle-late Permian,
thus resulting younger than previously described (i.e., pre-Carboniferous); (ii) the conditions at
which the metamorphic aureole developed are estimated at a temperature of c. 660 ◦C and at a depth
lower than c. 6 km; (iii) the tectonic evolution which determined the emplacement and exhumation of
the monzogranite is constrained in a transfer zone, in the frame of the extensional tectonics affecting
the area continuously since Miocene.

Keywords: magmatism; extensional tectonics; contact metamorphism; Gavorrano pluton; paly-
nomorphs

1. Introduction

The inner Northern Apennines (i.e., northern Tyrrhenian Sea and southern Tuscany),
after having experienced HP/LT metamorphism during late Oligocene-early Miocene [1–3]
was affected by extension since Burdigalian [4]. The clearest evidence of this process is
the opening of the Tyrrhenian Basin [5] and the present 20–26 and 30–50 km crustal and
lithospheric thickness, respectively [6–8]. Extension favoured partial melting in the lower
crust and in the mantle, thus generating crustal and hybrid magmas (Tuscan Magmatic
Province: [9,10] for a review). Igneous activity and extensional tectonics migrated east-
wards [11–13]: hence, the first magmatic evidence occurred during middle Miocene in Cor-
sica (Sisco lamproite, 14 Ma), and then, in the Tuscan archipelago (Late Miocene-Pliocene)
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and southern Tuscany (Pliocene-Pleistocene), up to the presently cooling magmatic bod-
ies [14–18]. These are producing relevant geothermal anomalies [19], as it is the case for
the Monte Amiata [14,20] and Larderello [15,18,21] areas [22,23]. In the inner Northern
Apennines (Figure 1), intrusive bodies, emplaced at <10 km depth, are partially exposed
in the Tuscan Archipelago and southern Tuscany, where crustal uplift and extensional
tectonics induced their exhumation ([24] with references therein).

Figure 1. Structural sketch map of the Northern Apennines and Northern Tyrrhenian Sea showing inner and outer zones.
The main Pliocene–Quaternary basins, transfer zones, Neogene–Quaternary Volcanic Complexes and Intrusive magmatic
bodies and metamorphic units are highlighted. Location of the Gavorrano pluton (the study area) is also indicated.

The Gavorrano pluton is an example of this process [25]. Such a pluton is an about
3 km3 laccolith [26], dated at 4.9 Ma [27] and partially exposed few kms to the east of
the Tyrrhenian seacoast (Figure 1). It consists of cordierite-bearing monzogranite [28]
with references therein with K-feldspar phenocrysts (up to 10 cm long), intruded by
tourmaline-rich microgranite, porphyritic and aplitic dykes [25]. This magmatic intrusion
and its contact aureole were mined from the last decades of the 19th century up to the
1981, to exploit sulphide (mainly pyrite) ore deposit, mostly occurring at the boundary
between the igneous and host rocks, and in fault zones [29]. Although numerous studies
were dedicated to this pluton, with the aim to reconstruct genesis and setting of the
ore deposits (e.g., [26,29–31]), contrasting interpretations still remain with regards to:
(i) the nature and age of the quartzitic-phyllite hosting rocks, contrastingly referred to
Permian [32] or pre-Carboniferous [33]; (ii) the thermal conditions across the contact
aureole and the related P-T peak conditions in the contact aureole, pointing to significantly
different emplacement depths (cfr. [25,26,34]); (iii) the tectonic evolution of the Gavorrano
area that was explained in extensional (e.g., [25,29]), transtensional [35] or compressional
framework [34,36]. The compressional setting was also taken into account by [37,38] to
explain the emplacement of the Gavorrano pluton, assumed to be contemporaneous to
Pliocene regional thrusts and associated roof-anticlines. In this scenario, these authors
considered the Gavorrano pluton as a key example for explaining the pluton emplacement
in a compressional scenario, basically active since the Cretaceous in the inner Northern
Apennines and northern Tyrrhenian sea.

In this paper, the state of the art on these themes, the contrasting interpretations,
and hypotheses are discussed in the frame of new datasets. As a main conclusion: (i) we
document the Permian age of the quartzitic-phyllite hosting rocks; (ii) we point to a peak
temperature of c. 660 ◦C at a maximum pressure of 150 MPa for the metamorphic conditions
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in the contact aureole; and iii) we reconstruct the deformation within that sector of a
Neogene regional transfer zone, which controlled the emplacement and exhumation of the
Gavorrano pluton in the extensional framework characterizing inner Northern Apennines.

2. Geological Outline

The Gavorrano pluton intruded the lower part of the Tuscan Unit, following the main
foliations and lithological boundaries (Figure 2) in the Palaeozoic-Triassic quartzite and
phyllite, Triassic metacarbonate and late Triassic evaporite successions [25,29,39]. These
rocks experienced, therefore, LP-metamorphism making particularly problematic the age
attribution of the quartzitic-phyllite hosting rocks, contrastingly referred to Permian [32]
or pre-Carboniferous [33], with different fallouts on the palaeogeography and context in
which the overlying Triassic succession took place.

Figure 2. Stratigraphic logs of the tectonic units exposed in the study areas. The successions that are exposed are indicated
by colours. Symbols: Tr—continental carbonate consisting of travertine and lacustrine limestone; Ple—fluvio-lacustrine
sediments consisting of pebbly sand and sandy clay with interbedded pebble layers; M—Late Messinian polygenic
reddish sandy-conglomerate and clay level (Montebamboli conglomerate Auctt.); JC—Argille a Palombini Fm: siliceous
calcilutite, calcarenite, shale and marl; SF—Santa Fiora Fm: limestone, sandstone and shale passing to marl and silty-
marl at the top; Mac—Macigno Fm: quartz-feldspar sandstone and shale; Sc—Scaglia Toscana Group: shale, limestone,
marl, calcarenite and biocalcirudite; Mai—Maiolica Fm: cherty limestone, calcilutite; Di—Diaspri Fm: radiolarite and
shale; Mp—Marne a Posidonia Fm: marl and marly limestone; Cs—Calcare Selcifero Fm: cherty limestone, marl and
shale; Cra—Rosso Ammonitico Fm: reddish nodular limestone and shale; Cm—Calcare Massiccio Fm: massive limestone;
Crc—Calcari a Rhaetavicula contorta Fm: bedded limestone and marl. Ev—Burano Fm: dolostone and gypsum/anhidryte
layers; Toc—Tocchi Fm: metacarbonate and phyllite; Ver—Verrucano Group: quartz-metaconglomerate, metasandstone and
phyllite. Py—Palaeozoic phyllite-quarzite Group: organic-matter bearing phyllite and metasandstone. HoA: carbonate
hornfels; Hob: pelitic hornfels; Gr: Gavorrano magmatic complex.

335



Geosciences 2021, 11, 124

The initial studies on the intrusive rocks were carried out by [40–44]. Marocchi [44]
firstly described the Gavorrano granite as a magmatic complex formed by a porphyritic
granite, a tourmaline-bearing microgranite and mica-bearing microgranite. Furthermore,
Martelli [45] presented a geochemical and crystallographic study of both magmatic rocks
and pyrite, hence describing, for the first time, the habitus and morphology of the pyrite
and K-feldspar. However, the most complete paper dealing with the Gavorrano intrusion
was published by [25], who defined the porphyritic granite as a quartz-monzonite, crossed
by tourmaline-rich microgranite and aplitic dykes. Barberi et al. [46] implemented the
study of the pluton, in the meantime dated at 4.9 Ma by K/Ar radiometric data [27].

The laccolithic shape of the magmatic intrusion was constrained by data from the
underground mining activity [29] and finally defined by [47] as a body with a maximum
length of 3 km, a width of 1.7 km and a thickness of 0.7 km.

The depth of the Gavorrano granite emplacement was estimated by [26] at a maximum
value of 2–2.5 km, corresponding to a lithostatic pressure lower than 100 MPa. Differ-
ently, [47] indicate a maximum depth ranging between 4 and 5 km, corresponding to a
lithostatic pressure lower than 200 MPa.

Magma cooling was accompanied by a significant hydrothermal process that led
to pyrite ore deposits. Mining activity was carried out nearby the partially exposed
monzogranite (Figure 3a,b).

Figure 3. Cont.
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Figure 3. (a) Geological map of the Gavorrano mining district. Location of the abandoned mines and boreholes drilled during the
mining exploration are also indicated. (b) Geological sections across the Gavorrano area. Their traces are indicated in (a).

Exploitation was encompassed between the end of nineteenth century and the last
decades of the twentieth century, having produced about 25 million tons of pyrite [26].
Pyrite formed within a quartz-calcite gangue, with minor content of galena, sphalerite,
chalcopyrite, fluorite, marcasite, barite, realgar and stibnite [26,29]. Three main pyrite
bodies (named as Rigoloccio, Massa Boccheggiano and Valmaggiore) were distinguished,
and exploited in an interconnected network of more than 30 km long tunnels belong-
ing to five distinct mines [29]: Rigoloccio, Gavoranno, Ravi Marchi, Ravi Montecatini,
Valmaggiore (Figure 3a). Several studies were addressed to the origin of the ore body
and to its geometrical setting and attitude [26,29–31,43,48–65]. On the basis of these re-
sults, two main contrasting models were proposed for the genesis of the ore deposit:
(i) an epigenetic origin related to the emplacement and cooling of the magmatic in-
trusion (e.g., [25,26,29,49,51,52,55,60,65–67]) and (ii) a sedimentary/metamorphic origin
(e.g., [61,62,68,69]). Geochemical and isotopic studies from [70–76] and [65] described the
distribution of minor elements within the pyrite and sphalerite, as well as the chemistry of
the igneous and hosting metamorphic rocks, thus providing information on the origin of
the mineralization; accordingly, the origin of the sulfur is partly referred to the magmatic
source and partly to the remobilization of sedimentary rocks, by means of geothermal
fluids. These latter were strictly controlled by permeable volumes in fault zones, active
during the geothermal circulation [29] and by lithological discontinuities hydraulically
connected with the fault zones. Ore bodies are in fact located: (i) at the boundary between
the monzogranite and hosting rocks (Figure 4); (ii) along the contact separating the Tus-
can metamorphic unit from the overlying late Triassic evaporite [26,29] (Figures 3 and 4);
(iii) along normal faults juxtaposing sedimentary rocks with the magmatic intrusion (e.g.,
Monticello Fault, Figure 5).
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Figure 4. Geological map of the −200 m a.s.l. level of the Gavorrano mine (see Figure 3a for the location) and
related geological section, redrawn from original documents stored in the archive of the Tuscan Mining Geopark
(www.parcocollinemetallifere.it, Gavorrano; accessed date 4 March 2021).
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Figure 5. Geological cross-sections across the mining areas, redrawn from original mine documents stored in the archive
of the Tuscan Mining Geopark (www.parcocollinemetallifere.it, Gavorrano; accessed date 4 March 2021). (a) Geological
section across the Monticello Fault (the trace is indicated in Figure 3a), exploited during the mining activity: the main
hydrothermal parageneses are indicated on the right of the borehole log. (b) Geological section across the Rigoloccio mine
(the trace is indicated in Figure 3a) highlighting the two NE-striking fault segments dissecting the mineralisation. Note how
the pyrite ore body has been found at the boundary between the magmatic and hosting rocks, and at the contact between
the Palaeozoic-Triassic phyllite and quartzite and late Triassic carbonate successions.

Today, the intrusive rocks are partially exposed at surface or were tunneled at shallow
depth in tunnels dug during the mining activity (Figure 3a,b). Their exhumation was
controlled by normal faults, well-constrained in terms of geometry and displacements by
means of surface and mining data [26,29,35].

Main faults were named as Gavorrano (NNW-SSE striking) and Monticello (N-S
striking) faults, delimiting the western and eastern margins of the pluton, respectively
(Figure 3a,b). The Gavorrano Fault is described as a west dipping high angle normal fault
(60–70◦) and with an arcuate geometry [29]. Its total offset exceeds 600 m. The Monticello

339



Geosciences 2021, 11, 124

Fault is a middle-angle (35–50◦) normal fault dipping to the east and is characterized by a
total offset of about 1000 m [29]. Mining data highlight that the Gavorrano and Monticello
Faults intersect each other in proximity of the Ravi village (Figure 3a). Both faults are
mineralized although with different hydrothermal parageneses: the Gavorrano Fault
hosts pyrite-ore bodies associated to minor content of galena, chalcopyrite and blend [29].
Differently, the Monticello Fault was mineralized by a hydrothermal mineral paragenesis
made up of quartz, barite, celestine, pyrite/marcasite, stibnite, fluorite, orpiment/realgar
(Figure 5).

The northern margin of the Gavorrano magmatic body is delimited by a SW-NE
trending fault system, interpreted by some authors as the continuation of the Gavorrano
Fault (e.g., [26,29]). Despite the significant role, this SW-NE trending fault is not mentioned
by [34,36,38,47], although its occurrence is well documented by the mining data from the
Rigoloccio mine (Figures 3 and 5) and described in several previously published geological
maps and structural sketches [26,29,35].

Another N-S striking fault, named as the Palaie Fault (Figure 3a), was considered
associated to the Gavorrano Fault, being almost parallel to this latter (cf. [29] with references
therein). This structure delimits the western slope of the Monte Calvo [29] and was not
interested by mining exploration. Nevertheless, this fault and the fault system delimiting
to the east the monzogranite was investigated by [35] who presented a structural and
kinematic dataset documenting a dominant strike- to oblique-slip kinematics. On the other
hand, [47] account for a normal component of the Palaie, Gavorrano, and Monticello Faults,
whereas [34] hypothesize a reverse/transpressive kinematics at least for the Palaie Fault.
This view was later implemented by [36] who reported two adjunctive NW-SE trending
faults, up to 2 km long (named as the Monte Calvo and Rigoloccio Faults: Figure 2 in [36]),
and interpreted as cartographic scale reverse faults.

3. Age of Hosting Rocks

Protoliths of the LP-metamorphic rocks forming the contact aureole, consisting of
metacarbonate and metapelite, are referred to the Tuscan Unit [57]. Dallegno et al. [26],
Lotti [49], De Launay and Gites [52], Lotti [43] interpreted the dominantly metacarbonate
succession exposed in the NW side of the magmatic intrusion and exploited at depth, as a
part of the Late Triassic succession (i.e., Burano and Calcare a Rhaetavicula contorta forma-
tions; black limestone, In [77]). Part of this succession, tunneled in the Gavorrano mine, was
considered by [25] as the transition from the late Triassic carbonate/evaporite to the Triassic
metasiliciclastic succession of the Verrucano Group, later defined as the Tocchi Fm [78,79],
never documented before in the Gavorrano area. Marinelli [25], Lotti [49], De Wuker-
slooth [57], Lotti [43] referred the andalusite-bearing metapelite exposed north and south
of the monzogranite (Figure 2), to the Palaeozoic succession underlining the late Triassic
carbonate one. Marinelli [25], Arisi Rota and Vighi [29] considered this succession as part
of the Filladi di Boccheggiano Fm, attributed to the Permian or pre-Sudetian by [32,33], re-
spectively. Dallegno et al. [26] agreed with the interpretations of the previously mentioned
authors about the interpretation of the outcrops exposed at south of the monzogranite,
in proximity of the Ravi village (Figure 3a); furthermore, Dallegno et al. [26] proposed
an alternative hypothesis regarding the northern exposure (at north of the Gavorrano
village, Figure 3a) where the exposed pelitic hornfel and metaquartzite (mainly consisting
of metasandstone and quartz-metaconglomerate) were related to the Triassic Verrucano
Group [33,80], on the basis of their textural and compositional features, as well as the
occurrence of tourmalinolite and red porphyry clasts. In order to better constrain the age of
this discussed metapelite succession, we have analysed key samples from: (i) the exposures
along the main road in proximity of the Ravi village, and (ii) the mining tunnel, named as
Il Santo gallery, not so far from the previous exposure (Figure 3a). Since LP-metamorphism
reasonably obliterated the fossil contents, making any age determination impossible, we
applied the study of palynological content, a useful methodology due to the fact that the
wall of sporomorphs is characterized by a sporopollenin, a biopolymer of complex and
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not-completely known structure very resistant up to high temperatures (e.g., [81–85]) and
provide a good chronological resolution (e.g., [86]). We collected key samples of spotted
black metapelite and phyllitic-quartzite with high organic matter content. In particular,
2 samples have been collected in the exposures at north of the Ravi village (Rav 1 and
Rav 2) and 3 samples (GSA 1–3) have been collected in the Il Santo gallery belonging to
the Ravi mine (Figure 3a). Samples were treated with HCl (37%) and HF (50%) to destroy
the carbonate and siliciclastic component. Boiling HCl (30%) was then used to remove
the insoluble fluorosilicate. The organic residue was sieved with a 20 mm filter. The
yield of the sample was treated repeatedly with Schultz solution, due to strongly high
degree of thermal alteration preventing the identification of black-colour (graphitized?)
palynomorphs. Light microscope observations were made on palynological slides using a
Leica DM1000 microscope with differential interference contrast technique in transmitted
light. Images were captured using the digital camera connected to the microscope and
strongly corrected for brightness and contrast and colour using the open-source Gimp
software. Palynological slides are stored at the Sedimentary Organic Matter Laboratory
of the Department of Physics and Geology, University of Perugia, Italy. Samples GSA1-3
resulted almost barren in terms of palynomorph content. The yield of the samples mainly
consists of large opaque phytoclasts such as inertinite (ligneous fragments completely oxi-
dised) and some indeterminate black organic microfossils. On the contrary, in the samples
Rav1 and Rav2, despite the low preservation grade prevents the recognition of almost all
microfloristic elements, some sporomorphs were identified (Figure 6).

These consist of taeniate bisaccate pollen grains as Distriatites insolitus, Hamiapollen-
ites spp. and non taeniate as Alisporites sp. cf. splendens and Alisporites spp. Spores as
Horriditriletes ramosus, Vallatisporites sp. cf. arcuatus, Thymospora opaqua, Densoisporites sp.
and Kraeuselisporites sp. also occur in assemblage with the incertae sedis organic micro-
fossil Reduviasporonites chalastus. This microflora association shows close similarities with
the one yielded from other pre-Triassic successions cropping out in Tuscany (Arenarie
di Poggio al Carpino, Arenarie del Monte Argentario and Farma formations; [87–89], as
well as in the Elba Island (Rio Marina and Mt. Calamita formations; [86]) and attributed
to the Guadalupian-Lopingian time interval (middle-late Permian). In Southern Alps,
along the praeparvus Zone of Changxingian age (late Lopingian), [90] documented an
analogous palynoflora also characterized by the occurrence of Alisporites sp. cf. splendens,
Densoisporites sp., Kraeuselisporites sp. and Reduviasporonites chalastus. This incertae sedis
organic microfossil relatively long range from Capitanian (late Guadalupian) to early Tri-
assic and widespread occur in different countries as well as Australia, Greenland, South
China (Meishan, GSSP of Permian-Triassic boundary), Russian Platform, UK, Austria, USA,
South Africa and other (e.g., [91–95]). In the Guadalupian of Northern Gondwana regions
(e.g., Turkey; Oman, Saudi Arabia, Iran, Pakistan) R. chalastus was documented in assem-
blage with Thymospora opaqua, Distriatites insolitus, Hamiapollenites spp., Kraeuselisporites
sp. Densoisporites sp. (e.g., [96–101]). On the basis of sporomorphs stratigraphic range, the
microfloristic assemblage from the analysed samples is attributed to Guadalupian. The
presence of forms as Horriditriletes ramosus and Vallatisporites sp. cf. arcuatus occurring
in the early Permian of both palaeotemperate (e.g., Norway; [102]; and palaeotropical
latitudes (e.g., Oman and Saudi Arabia; [96]), is here interpreted as probably reworked
contents from older metasediments.
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Figure 6. Sporomorphs from samples collected in the Gavorrano area (scale bar indicates 10 μm): (1) Alisporites sp. cf. splen-
dens (Leschik) Foster 1979 (slide: RAV-1); (2) Indeterminate ornamented spore tetrad (slide: RAV-1); (3;12) Reduviasporonites
chalastus (Foster) Elsik 1999 (slide RAV-1); (4–5) Thymospora opaqua Singh 1964 (slide RAV-2); (6,9) Hamiapollenites spp. (slide
RAV-2); (7) Distriatites insolitus Bharadwaj and Salujha 1964 (slide RAV-1), (9) Indeterminate trilete spore (slide RAV-1);
Vallatisporites sp. cf. arcuatus (Marques–Toigo) Archangelsky and Gamerro 1979 (slide RAV-2); (11) Kraeuselisporites sp. (slide
RAV-1); (13,14) Horriditriletes ramosus (Balme and Hennelly) Bharadwaj and Salujah 1964 (slide RAV-1); (15) Densoisporites sp.
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4. The Contact Aureole

The emplacement of the Gavorrano pluton produced LP-metamorphism on the host
rocks resulting in a narrow contact aureole with a thickness of 200–300 m [25,26]. LP-
metamorphism superimposed on the regional metamorphism which affected the pre-
evaporitic metamorphic “basement” mainly represented by the Palaeozoic-Triassic phyllitic-
quartzite units (i.e., dominantly pelitic successions), and the late Triassic carbonate rocks,
producing hornfelses with different mineral assemblages, as firstly described by [25].
Concerning the pelitic rocks, [25,26] document a mineralogical assemblage made up of
quartz + muscovite + K-feldspar + andalusite and chlorite + biotite + cordierite in Mg− and
Fe-bearing phyllite. Differently, [47] describe quartz + plagioclase + K-feldspar + andalusite
and blasts replaced by fine-grained white mica they interpret as relicts of cordierite. [25]
also describes corundum and green spinel, replaced by biotite and plagioclase, found
within xenoliths collected in the Gavorrano mine. Differently, in the carbonate rocks, calc-
silicate hornfels, partially replaced by skarn, shows a mineral assemblage mainly formed by
garnet + epidote + spinel + wollastonite + diopside + forsterite + scapolite + quartz + calcite
+ vesuvianite [25,26]. At depth, the contact between granite and hornfels was described
at −50 m, −200 m and −250 m [26,46] and wollastonite + calcite + quartz and diopside +
forsterite + calcite mineral assemblages, with local levels enriched of garnet + vesuvianite +
scapolite, have been found [46]. In the deepest levels of the Gavorrano mine (−200 m depth
b.s.l.), [26] document dolomitic marble characterised by centimetric calcite and dolomite
crystals, intimately associated to calc-silicate hornfels. Similarly, at the contact with the
monzogranite, the same authors describe 1–2 m thick mineral assemblages consisting
of: (i) diopside + garnet + dolomite + calcite approaching the hornfels, and (ii) epidote +
tremolite + diopside + scapolite + calcite + garnet approaching the monzogranite. Diopside
+ tremolite veins, classified as replacement skarn [103], have also been documented in
veins that cut the hornfels; similarly, narrow bands of phlogopite + tremolite (± actinolite)
composition have also been described at the boundary between hornfels and skarn. No
data are available for the mineralogical assemblage of the pelitic rocks, at the depth
where observations were carried out. LP-metamorphism was followed by a subsequent
hydrothermal event which produced, among the Fe-ore deposit [26,29,65], the alteration of
the forsterite and diopside into serpentine, tremolite, talc, and chlorite, and the formation
of veins filled by quartz + adularia + epidote + sulphides± calcite ± albite ± tremolite
indicating temperature of about 250–300 ◦C [26]. Speculation of maximum temperature of
about 175 ◦C was proposed for the last hydrothermal circulation by [104] analysing goethite
and clay minerals at the Rigoloccio Mine (Figure 3a), derived from the hydrothermal
alteration of the monzogranite and pyrite body.

We have implemented the existing dataset by analysing key samples of pelitic and
carbonate hornfels from some key outcrops nearby the Ravi mine (Figure 3a) and from
underground. These latter samples have been collected at: (i) the level −50 m b.s.l. of the
Gavorrano mine; (ii) samples collected in the mining dump and possibly coming from
the level −200 m of the Gavorrano mine. On the whole, our data agree with those re-
ported by the previous Authors and provide additional information on the pelitic hornfels,
particularly from the deep part of the Gavorrano mine.

The analysed pelitic and semipelitic rocks grade from spotted schist to hornfels
(Figure 7). A compositional layering is generally recognisable being highlighted by an
alternation of quartz- and mica-rich levels. In several cases, an intense deformation is
observed in the form of serrated microfolds and winged d-porphyroclast (Figure 7a).
In the spotted schist, the mineral assemblage is typically made up of quartz + biotite +
muscovite + andalusite + tourmaline. Tiny elliptical cloudy spots are observed, probably
derived from original cordierite (Figure 7b,c). In the hornfels from the deep level of the
Gavorrano mine, muscovite-out conditions were reached as testified by the presence of
K-feldspars and locally of corundum. Quartz crystals display variable grains size and
are commonly characterised by polygonal shapes. In some cases, quartz shows lobate
grain boundaries suggesting that a dynamic recrystallization took place. Biotite flakes
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increase in abundance from spotted schist to hornfels where they show orange-brown
colour when oriented parallel to the lower polarizer. Andalusite porphyroblasts commonly
show euhedral habit, with elongated and square diamond shapes (Figure 7d–f). The latter,
usually contain the cross-shaped dark inclusion pattern typical of chiastolite (Figure 7d,e)
as also described by [25]. Corundum is abundant and well recognisable at microscope
scale in the form of spots made up of isolated crystals or aggregates within the biotite-
rich levels devoid of quartz (Figure 7g). It shows a polygonal shape and a corona made
up of K-feldspar, rare muscovite ± rutile (Figure 7h,j). It often displays a pale blue
colour typical of sapphire variety. Tourmaline is zoned with brown to cyan colours being
of dravite type and is mostly found within biotite-rich levels (Figure 7k). Among the
accessory phases, zircon and opaque minerals are always present, whereas rutile is found
in corundum-bearing hornfels.

Figure 7. Micrographs of the pelitic and semipelitic rocks affected by contact metamorphism.
(a) d-porphyroclast completely replaced by sericite (plane polarized light). (b,c) Scanned thin section
(plane polarized light in (b) with a detail (crossed polars in (c) showing the elliptical cloudy spots.
(d–f) Andalusite crystals (plane polarized light) that, in some cases, show dark inclusions arranged
in geometrical pattern typical of chiastolite. Tourmaline crystals adjacent to elongated andalusite
(d) can be observed. (g) Scanned thin section and detail (h) of corundum crystals characterised by a
corona made up of K-feldspar and minor amount of muscovite flakes within biotite-rich level (plane
polarized light). (i,j) Details (plane polarized light) of pale blue corundum of sapphire variety and
rutile (i). (k) Detail of tourmaline crystal with interference colours up to second order blue (crossed
polars). Mineral abbreviation from [105].
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The analysed carbonate rocks collected in the Gavorrano mine (level—50m b.s.l.)
consist of marbles with a variable grain size. In most cases, they contain olivine (Figure 8a,b)
without diopside suggesting that they derive from carbonatic-silica-pure protolith. Locally,
in the fine-grained type a polygonal fabric of calcite can be recognised, indicating a static
recrystallization (Figure 8a). In some cases, olivine-rich levels show diffuse serpentinization,
with few olivine relicts still present (Figure 8c,d), justified by [25,26] as the effect of a later
hydrothermal fluid flowing through the thermal aureole.

Figure 8. Micrographs of marbles. (a) Calcite grains in fine-grained olivine bearing marble with a typical polygonal fabric
indicating static recrystallization (crossed polars). (b) Detail of olivine bearing marble showing tabular thick twins in
calcite [106] (crossed polars). (c) Olivine-rich level in marble affected by intense serpentinization (plane polarized light).
(d) Detail of olivine crystal almost totally replaced by serpentine, locally showing a mesh fabric (crossed polars).

Some considerations can be provided on the peak P-T conditions reached in the
thermal aureole. In the pelitic hornfels, recording the maximum temperature in the contact
aureole, muscovite-out conditions were reached through the reaction:

Ms + Qtz = And + Kfs + H2O (1)

Alternatively, in silica-poor domains, the genesis of corundum could be promoted by
reaction:

Ms = Crn + Kfs + H2O (2)

After muscovite disappearance, corundum could be produced by reaction provided
by Pattison and Harte [107]:

2 Bt + 15 Al2SiO5 = 9 Crn + 3 Crd + 2 Kfs + 0.5 H2O (3)
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In the analysed samples, there is no evidence for the simultaneous blastesis of corun-
dum and cordierite. Thus, reaction (2) is preferred for the genesis of corundum.

In order to constrain P-T conditions for the contact metamorphism, a look at a simple
P-T grid is practical. The diagram in Figure 9, in addition to reaction curves (1) and
(2), shows the wet solidus curve for granite and the andalusite—sillimanite equilibrium
line. The absence in the hornfels of sillimanite and of microstructures indicative of partial
melting indicate that the andalusite-sillimanite equilibrium line and the granite solidus
curve were not crossed during the heating phase. On the other hand, the presence of
corundum allows to constrain the metamorphic peak beyond reaction (2), within the grey
area. A maximum limit for the pressure, provided by the intersection of reaction (2) with
the andalusite-sillimanite equilibrium is of c. 170 MPa, corresponding to a temperature of
c. 640 ◦C. At lower pressures, higher temperatures for the thermal peak are possible.

Quantitative estimates of the temperature were attempted by the Ti-in-biotite ther-
mometer by Wu et al. [108]. This was calibrated for pelitic rocks containing a Ti-rich phase
such as ilmenite or rutile at pressure higher of 100 MPa, thus being appropriate for the
present case. On the basis of 7 biotite analyses of a corundum-bearing hornfels sample
(Table A1), a mean value of c. 660 ◦C was obtained at a pressure of 170 MPa and of c. 650 ◦C
at a pressure of 100 MPa. A check on the compatibility of these numerical results with the
P-T extent of the grey area in the diagram of Figure 9, suggests a pressure value lower than
c. 150 MPa, corresponding to a depth lower than c. 6 km, assuming an average density
of 2650 kg/m3 for the upper crust. However, considering the error of the thermometer,
this latter P limit should be verified through more refined petrological methods and/or
geological constraints.

Figure 9. P-T grid from [109] here adopted to constrain conditions for the peak of contact metamor-
phism. Muscovite breakdown curves at PH2O = Ptotal are from [110], the granite wet solidus curve is
from [111] and the andalusite-sillimanite equilibrium line from [112–114]. The grey area indicates
peak P-T region compatible with the presence of andalusite + K-feldspar and, in silica-poor domains,
of corundum + K-feldspar. Point (a) indicates maximum estimate for pressure on the basis of the
corundum + K-feldspar presence, resulting in a value of 170 MPa. The dotted line connects points
related to temperature estimates by Ti-in-biotite thermometer at 170 and 100 MPa, respectively. Point
(b) indicates maximum estimate for pressure on the basis of the Ti-in-biotite thermometer, resulting
in a value of c. 150 MPa.
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5. Structural and Kinematic Data

The geological setting was already reconstructed by the large amount of mining data
as reported in several papers (e.g., [25,26,29,65]). Nevertheless, still contrasting hypotheses
are provided by different authors on the tectonic evolution that accompanied the pluton
emplacement and its exhumation (cf. [26,35,36,115]).

In order to contribute to this issue, existing mining documents and a new dataset of
structural and kinematic data have been integrated. Figure 3a shows the location of the
stations where the structural analysis has been carried out. The results are shown in the
stereographic diagrams, reported in the Annex 1.

Both cartographic and outcrop-scale evidence highlight superposed faulting events
that can be categorized In (i) low- to middle-angle (<50◦ of dipping value) normal faults,
affecting both granite and the carbonate succession; (ii) high angle (>50◦ of dipping value)
strike-slip faults coexisting with the low- to middle-angle normal faults; (iii) high angle
normal faults displacing the previous formed structures (Figure 3a,b).

As it regards the low- to middle-angle faults, the best example is the Monticello Fault
(Figures 3a and 5), which decouples the monzogranite from the overlying sedimentary
cover, by an almost ten-meter thick mineralized cataclastic zone, as it is well documented
by the mining data (Figure 5a). Therefore, the consideration of the mining data changes the
view of the Monticello Fault, previously interpreted as a high-angle normal fault, parallel
to the Gavorrano Fault although dipping in the opposite direction and delimiting the
monzogranite to the east [26,29,35,47].

By the new integration of data, the Monticello Fault assumes the role of an already
existing fault decoupling the magmatic intrusion from the hosting rocks and contributing
to the exhumation of the monzogranite. Such a structure was later affected by high-angle
faults to which the Gavorrano Fault belongs (Figure 3a,b). It is worth to note that, on the
basis on the mining data form the Ravi mine (located in the southern part of the Monticello
fault), Marinelli [25] accounts for a shear zone, separating the magmatic intrusion from the
hosting rocks, similarly to what is observed along the Monticello Fault.

Low-angle faults affecting the carbonate succession (Figures 3a and 10), also occur
in the hanging wall of the Monticello Fault (Figure 3a). These are well-exposed in the
abandoned quarries on the northern slope of the Monte Calvo area and are arranged in sub-
parallel and anastomosed segments that define decameters-thick sheared and delaminated
volumes with conjugated fault segments forming lozenge-shape geometries and meter-
/decameter-scale extensional horses (Figures 11 and 12). Fault segments are characterized
by kinematic indicators consisting of calcite fibres and steps, indicating normal, mostly top-
to-the E-NE sense of shear (Figure 11, Figure A1). All these data contrast with the kinematic
interpretation proposed by [36], although conducted in the same outcrops (cfr. Figure 7a,b
in [36]). These authors, in fact, support a top-to-the west reverse kinematics of these faults,
notwithstanding the fact that kinematic indicators clearly indicate a normal movement
(Figure 11b,f). Furthermore, it is worth to underline that this particular kinematics is in
agreement with the data collected in the whole Gavorrano area (Figure A1) and with the
geometrical setting of the low-angle faults, as visible in the quarry exposures (Figure 12).
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Figure 10. Google Earth photograph of the northern slope of the Monte Calvo, where late Triassic and early Jurassic
carbonate succession is exposed in abandoned quarries. The location of the photographs shown in the indicated figures are
also reported.

Figure 11. Cont.
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Figure 11. Structural and kinematic features of low- to middle-angle normal faults affecting the carbonate succession (Calcari a
Rhaetavicula contorta Fm, late Trias). See Figure 10 for the location of the pictures. (a) Panoramic view of a saw-cut quarry wall where
sub-parallel and anastomosed low-angle normal fault segments occur. (b) Detail of the inset shown in (a), where the kinematic data
have been collected and reported in the stereographic diagram (lower hemisphere, equiareal projection); note that this is the same
detail on which [36] reported their analyses, in contrast with these ones. (c) Detail of the inset shown in (a) where the kinematic data
have been collected and reported in the stereographic diagram (lower hemisphere, equiareal projection). (d) Detail of the inset shown
in (c) where kinematic indicators consisting of mechanical striation and associated step strongly support for a normal (top-to-the NE)
kinematics of the fault. (e) Panoramic view of a part of the saw-cut quarry wall where anastomosed low-angle normal fault segments
are dissected by high-angle faults to which the reported stereographic diagram (lower hemisphere, equiareal projection) is referred.
(f) Detail of the inset shown in (e), where the location of the kinematic indicators shown in (g,h) is shown; note that this is the same
detail on which [36] reported their analyses accounting for a thrust surface. (g,h) Details of the inset shown in (f) where the kinematic
indicators consisting of calcite fibers and fiber steps have been recognized. These account for polyphase movements on the same fault
plane with a dominant normal component with a top-to-the NE-E sense of shear.

Figure 12. Cont.
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Figure 12. Extensional structures exposed in the quarry saw-cut walls. See Figure 10 for the location of the pictures. (a) Decameter-size
carbonate levels segmented by top-to-the NE extensional detachments. (b) Panoramic view of the abandoned quarry where the detail
shown in figure (c) is indicated. (c) Meter-size extensional horses related to top-to-the NE extensional detachments.

Low-angle faults affecting the monzogranite (Figure 13a,b) have also been recognized.
Here, these show striated slip-surfaces (Figure 13c) bounded by a centimeter-thick core
zone with ultra-comminuted grains (Figure 13d) and centimeters-thick level of foliated
monzogranite, showing s-c structures, with a top-to-the west sense of shear (Figure 13e,f).
Although faults exposure in granite are limited, their setting accounts for a lozenge-shaped
geometry (Figure 13b), thus explaining the occurrence of both top to E-ENE (dominant)
and top to W-WSW sense of shear on their slip planes, respectively.

Figure 13. Cont.
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Figure 13. Structural and kinematic features of faults affecting the monzogranite. (a) Panoramic view of analyzed outcrop with
indicated the location of insets shown in (b,g). (b,c) Top-to the west low- to middle-angle normal faults cut by high-angle normal
faults. (d) Detail of the low-angle normal fault zone highlighting a cm-thick comminuted cataclasite and S-C structures affecting the
hangingwall. (e,f) Striated surfaces indicating a clear normal movement. (g) Detail of the high-angle normal fault cutting the low-to
middle-angle normal faults. The inset shows the mechanical striation on the fault surface indicating a normal movement.

Concerning the high angle faults, N-S and SW-NE strike-slip faults occur in the whole
area (Figure 3a). The best exposures (especially for the N-S striking faults) were recognized
in the quarries, north of the Monte Calvo (Figure 10) and in the western part of the study
area (i.e., Palaie Fault, Figure 3a).

In the abandoned quarries, these faults define decameters-thick vertical brittle shear
zones (Figure 14) formed by sub-parallel and conjugate fault planes (Figure 14a–c), sur-
rounded by well-developed damage zones. Left-lateral strike to oblique-slip kinematics
is then suggested by indicators locally preserved on the slip-surfaces and consisting of
calcite slicken-fibres and steps (Figure 14d,e). In some cases, syn-kinematic cm- to dm-thick
banded calcite veins formed along the fault planes, or in extensional jogs (Figure 14f).
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Figure 14. Strike-slip faults exposed in the quarry saw-cut walls. See Figure 10 for the location of the pictures. (a) Panoramic
view of analyzed outcrop with indicated the location of insets shown in (b,c). (b,c) Detail of the fault zones showing a
sub-vertical attitude and well distributed anastomosed fault segments forming the damage zones. (d,e) Kinematic indicators
recognized on the fault planes, consisting of calcite fibers and fiber-steps clearly indicating a slightly left-lateral oblique-slip
movement. (f) Mineralized fault zone forming extensional-jogs filled by banded-calcite veins.

This attests the role of such faults in controlling the hydrothermal fluid paths from
the late magmatic events onwards, at least. This is in fact attested by the several S-N and
SW-NE oriented microgranite dykes intruding both the monzogranite and the hosting
rocks in fault zones, as documented in the outcrops (Figure 15) and by the underground
mining data (Figure 4). Thus, a local strike-slip regime is supposed to have controlled the
deformation in the Gavorrano area, and probably the pluton emplacement. Nevertheless,
although the interplay between the low-angle normal faults and the S-N to SW-NE striking
strike-slip faults has not been directly documented in the field, it is reasonable to assume
that the transcurrent faults were contemporaneously active with the low-angle normal
faults, since both fault systems are affected by syn-tectonic hydrothermal circulation. Their
contemporaneity is also confirmed by the inversion of the kinematic data collected on
fault-slip surfaces of both low-angle normal faults and strike-slip faults: it highlights a
strong kinematic compatibility, as shown by the orientation of the main kinematic axes
(Figure 16a–c). We can therefore assume that these faults were active under a common
stress field: in this view, the low-angle normal faults developed as a consequence of the
crustal thinning, having triggered magmatism and favoured the development of SW-NE
striking km-thick sub-vertical brittle shear zone (i.e., transfer zone: [116–118]) of which the
Gavorrano area is a part.
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Figure 15. Examples of tourmaline-bearing microgranite dykes intruded within (a) monzogranite and the (b) phyllitic-
quartzite (Verrucano Group) forming the monzogranite hosting rock.

In the context of the deformation induced by a transfer zone, the N-S striking left-
lateral and SW-NE striking right-lateral strike-slip faults are thus framed in the same
setting, as indicated by their kinematic compatibility (Figure 16c,d). Consequently, those
are interpreted as minor faults linking the SW-NE striking main structures, in a common
left-lateral strike-slip shear zone.

Concluding, we can depict a tectonic evolution where low-angle normal faults and
strike-slip faults (N-S striking left-lateral strike-slip, SW-NE striking left- and right-lateral
strike-slip faults) coexisted during the emplacement and exhumation of the monzogranite,
as sketched in the conceptual model of Figure 17a,b.

The Palaie Fault (Figure 3a) has been described by several authors as a strike-slip
fault [35] or a transpressive fault, by the kinematics reconstructed in a single outcrop [36].
Our data (Figure 18) highlight that what today is recognizable along the western slope
of the Monte Calvo is the result of two superposed faulting events, at least: strike-slip
fault segments are in fact preserved within lithons delimited by sub-parallel west-dipping
normal faults (Figure 3a). In other words, the western slope of the Monte Calvo is delimited
by a normal fault system partly reactivating and dissecting older N-S striking left-lateral
strike-slip faults, thus determining lithons of which original attitude is reasonably modi-
fied. This can explain the singularity of the Palaie Fault, the single structure with visible
kinematic indicators contrasting the general framework.

High angle normal faults, NNW-SSE and N-S striking are the youngest structures.
These dissect the previous formed low-angle faults (Figure 19a,b) and are characterized by
oblique-slip to normal movements (Figure 19c). Fault zones are with meters-thick damage
zones (Figure 19a) where well-organized minor fractures affect both their hanging wall
and footwall (Figure 19c). Kinematic indicators mainly consist of groove and mechanical
striations developed on the fault surfaces.

Inversion of kinematics data collected on the normal faults (Figure 16e) show a
kinematic compatibility with the low-angle normal faults (Figure 16a), thus supporting a
stable E-NE trending extensional regime from the emplacement of the monzogranite until
its exhumation (Figure 17c).
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Figure 16. Upper part: fault-and-striae and fault plane solutions diagrams divided per systems from the inversion of
kinematic data collected on fault-slip surfaces (Stereographic diagrams were performed using the software FAULTKIN,
available at: http://www.geo.cornell.edu/geology/faculty/RWA/ accessed on 20 July 2019). Red and blue dots indicate P
and T axes, respectively; x indicate neutral axis. Green squares show the orientation of the x, y and z strain axes. See the text
for more indication. Lower part: strike vs. dip diagrams of the indicated fault categories.
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Figure 17. Conceptual model illustrating the relationships between faulting and magma intrusion/exhumation. SW-NE
striking left-lateral regional transfer zone enucleated in a wide area including that one where the Gavorrano monzogranite
is exposed, today. The transfer zone was active contemporaneously with top-to-the ENE e WSW low- to middle-angle
normal faults, during the extensional evolution of the inner Northern Apennines. (a) The transfer zone gave rise to SW-NE
striking left-lateral strike-slip faults linked by N-S striking faults in releasing step-over zones. Minor faults (NNW-left-lateral
and WNW-striking right-lateral strike-slip faults) are associated with the N-S striking first-order faults. (b) The shearing
evolution within the transfer zone formed vertical highly permeable volumes centred on the N-S striking faults. Magma
was channeled within the permeable volume and intruded at the base of the late Triassic evaporite level, within the
Permo-Triassic succession, in a depth interval comprised between 6.3 and 5.2 km. (c) Normal faults followed the magmatic
emplacement and were active in the same regional stress field that was active at the time of pluton emplacement. These
normal faults contributed to the exhumation of the monzogranite and the present configuration of the whole Gavorrano area.

Figure 18. Structural and kinematic features of Palaie Fault (see the Figure 3a for the location). The fault plane is exposed
just in restricted exposures. (a) Panoramic view of the fault plane. (b) Enlarged area of the fault surface where mechanical
striations can be observed. The fault plane was tilted during the activity of the normal fault systems bonding the western
side of the Monte Calvo. Rotation therefore gave rise to an apparent east-dipping attitude of the Palaie Fault. Kinematic
indicators, in the present coordinates, indicate left-lateral oblique-slip kinematics in agreement with the whole kinematic
data collected in the Gavorrano area.
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Figure 19. Structural and kinematic features of the normal faults affecting the carbonate succession. (a) Meters-thick fault
zone affecting the late Triassic carbonate succession. (b) Detail of a WNW-dipping fault cutting an E-dipping middle-angle
normal fault. (c) Well-developed damage zone consisting of sub-vertical fractures associated to a east-dipping normal fault
with a slight oblique-slip movement.

6. Conclusive Remarks

On the basis of the new dataset integrated with the pre-existing data we can state the
following points:

• The laccolithic monzongranite emplaced within the upper part of the Tuscan meta-
morphic succession, at the base of the Late Triassic carbonate succession. The exposed
contact aureole at north of Ravi village is referred to the phyllitic-quartzite succession,
similar to part of that one exposed at north of the Gavorrano village, underlying
the metasandstone and quartz-metaconglomerate of the Triassic Verrucano Group.
The succession exposed in the Gavorrano village and neighbourhood is referred to a
transitional succession (i.e., Tocchi Fm) interposed between the Verrucano and late
Triassic evaporite. The Palaeozoic succession hosting the monzogranite has a middle-
late Permian age and can be referred to the coeval successions documented in the
surroundings (e.g., Poggio al Carpino Fm, Filladi di Boccheggiano and Quarziti del
Torrente Mersino formations). The decimetres-thick quartz-metasandstone levels
interbedded within black phyllite, recognised in the Il Santo gallery, make this succes-
sion similar to the Poggio al Carpino Fm. On the contrary, the dominant black phyllite
exposed at surface better corresponds to the Filladi di Boccheggiano and Quarziti del
Torrente Mersino formations.

• The thermo-metamorphic paragenesis and Ti-in-biotite geothermometer point to a
peak Temperature of c. 660 ◦C at a depth probably lower than 6 km. Dynamic recrys-
tallisation of LP paragenesis suggests a syn-kinematic evolution of the contact aureole,
in agreement with the active tectonic setting that assisted the magma emplacement,
cooling and exhumation.

• We do not confirm the occurrence of regional and/or cartographic scale reverse faults,
or thrust-related roof-anticline triggering the magma emplacement and hosting the
magmatic intrusion, since those previously proposed interpretations contrast with
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field data evidence. The pluton emplacement was coeval with coexisting strike-slip
and extensional tectonics that continued also after the magma cooling and produced
the exhumation of the magmatic system and of its contact aureole. The tectonic setting
did not change through time: strike-slip and normal faults coexisted at least since
the early Pliocene (age of the monzogranite emplacement). The Gavorrano pluton
emplaced within a SW-NE trending sub-vertical strike-slip brittle shear zone (i.e.,
transfer zone) that accompanied the development of low-to middle-angle normal
faults formed in a E-NE trending extensional setting. SW-NE striking strike-slip
faults were mainly linked by NS striking strike-slip faults in releasing step-over
zones, favouring the development of sub-vertical dilatational volumes with enough
permeability to channel the magma from the deeper to upper crustal levels.
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Appendix A

Figure A1. Structural stations: fault and striae from data collected on the indicated structural stations.
Their location is indicated in the Figure 3a (lower hemisphere, equiareal diagram).
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Table A1. Biotite analyses of corundum-bearing hornfels used for the application of the Ti-in-biotite
geothermometer by [109]. Mineral formulae, calculated according to the method by [119].

Bt 42 Bt 43 Bt 44 Bt 45 Bt 46 Bt 47 Bt 48

SiO2 33.25 33.19 34.24 34.98 33.63 34.64 35.57
TiO2 3.57 3.58 3.36 3.69 3.57 3.57 3.60

Al2O3 20.78 20.58 20.11 20.64 20.86 20.96 21.73
FeO 17.42 17.42 17.98 17.91 17.39 17.27 15.88
MnO 0.34 0.27 0.44 0.39 0.29
MgO 8.36 8.36 8.51 8.79 8.18 8.62 8.87
Na2O 0.18 0.23 0.18 0.32 0.30 0.18
K2O 9.92 10.17 10.10 10.21 10.14 10.08 9.93
Tot 93.82 93.80 94.74 96.79 94.09 95.73 95.76
Si 2.57 2.57 2.62 2.62 2.59 2.61 2.64
Ti 0.21 0.21 0.19 0.21 0.21 0.20 0.20

AlIV 1.43 1.43 1.38 1.38 1.41 1.39 1.36
AlVI 0.46 0.45 0.44 0.44 0.48 0.47 0.55
Fe 1.12 1.13 1.15 1.12 1.12 1.09 0.99
Mn 0.02 0.02 0.03 0.02 0.02
Mg 0.96 0.96 0.97 0.98 0.94 0.97 0.98
Na 0.03 0.04 0.03 0.05 0.04 0.03
K 0.98 1.00 0.99 0.97 0.99 0.97 0.94

∑cat 7.78 7.81 7.77 7.77 7.79 7.76 7.69
∑O 11.00 11.01 11.00 11.01 11.02 11.00 11.00
Fe3+ 0.03 0.06 0.04 0.05 0.11 0.10 0.16
Fe2+ 1.09 1.07 1.11 1.07 1.01 0.99 0.83

T, ◦C * 657 657 641 652 668 659 679

* Temperature estimate by Ti-in-biotite geothermometer [109] at P = 150 MPa.
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Abstract: Downcutting and infill of incised valley systems is mostly controlled by relative sea-level
changes, and studies on valley-fill successions accumulated independently from relative sea-level or
lake-level oscillations are limited. This study focuses on the Plio-Pleistocene evolution of a fluvial
drainage system developed in Southern Tuscany (Italy) following a regional marine forced regression
at the end of Piacentian. Subsequent in-valley aggradation was not influenced by any relative
sea-level rise, and valley morphological and depositional history mainly resulted from interaction
between sediment supply and tectonic activity, which caused segmentation of the major valley
trunk into localized subsiding depocenters separated by upwarping blocks. Fluvial sedimentation
occurred until late Calabrian time, when the major river abandoned that valley, where minor fluvio-
lacustrine depocenters allowed accumulation of siliciclastic and carbonate deposits. The present study
demonstrates that the infill of the valley was not controlled by the forcing that caused its incision.
Accumulation of the fluvial succession is discussed here in relation with localized, tectonic-controlled
base levels, which commonly prevent from establishing of a clear downdip stratigraphic correlations.
Chronological reconstruction of the study depositional dynamics provides solid constrains to frame
them in the tectono-sedimentary evolution of the Northern Apennines.

Keywords: fluvial sedimentology; incised valley; palaeodrainage; Southern Tuscany

1. Introduction

Fluvial valley systems are key geomorphic elements that act as sediment transfers
from source to sink areas. Occasionally, they allow accumulation of thick sedimentary suc-
cessions [1–7], which might host relevant volumes of hydrocarbons or fossil water. In the
downstream valley reaches, relative sea-level changes are dominant forcings on in-valley
fluvial dynamics [1,8], whereas tectonic and climate are the main controls in upstream
sectors [9,10]. Deposits accumulated in the downstream valley reaches commonly exhibit
evidence of marine influence, in terms of adjustment of alluvial dynamics (e.g., tidal influ-
ence) as well as direct contribution to sedimentation (e.g., estuarine deposits). Oscillations
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of relative-sea level play a major role in triggering aggradation and degradation processes
in downstream valley reaches [1]. Deposits accumulated in the upstream valley reaches
have mainly fluvial origin [1,11] and processes of aggradational and degradation result
from the complex interaction between tectonics, climate and drainage evolution [9,10,12].
Downstream valley-reach deposits are much more documented in comparison to the up-
stream counterpart, since the latter one has a low potential of preservation or can be hardly
distinguishable from the surrounding extra-valley deposits [12].

In intermontane basins valleys play a key role in transferring sediment from the orogen
to the surrounding basins [13–15]. The complex tectono-morphological configuration of
extensional intermontane basins, like those of Northern and Central Apennines [16,17],
allows coexistence of differently-subsiding areas separated by more stable substrate ridges.
Beyond relative-sea level effects and tectono-climate forcings, this tectono-morphological
configuration causes rivers cutting through post-orogenic landscapes to experience a
number of interconnected processes [17–20] including: (i) variation in accommodations
triggered by the occurrence of localized base levels; (ii) relocation due to piracy processes
and (iii) variation in sediment supply and water discharge associated with evolution of the
related drainage.

Major rivers of the inner Northern Apennines (e.g., Arno, Sieve, Ombrone) modelled
the present-day landscape connecting extensional intermontane basins by cutting deep
and narrow gorges on pre-Neogene rocks [18,21]. During Pliocene to Pleistocene time,
tectono-geomorphic processes assisted these rivers to interact with a marine base level
and to shift between adjacent basins [21], accumulating a wide spectrum of deposits along
the related palaeovalleys. Although detection of these valley-fill succession is commonly
hindered by paucity of outcrops, they are a precious archive to investigate the temporal
and spatial evolution of the palaeo-drainage, and the associated processes.

This study focuses on a Pliocene–Pleistocene palaeovalley developed in Central Tus-
cany (Northern Apennines, Italy; Figure 1). Developed across a rocky ridge that separated
three major intermontane basins, it experienced complex geomorphic and depositional
dynamics, since its marine-driven incision to the final piracy-driven abandonment.

This study refines previously published data [22,23] and integrates new field-based
information in a larger area of interest. The paper aims at depicting the depositional history
of this palaeovalley through a multidisciplinary approach, which includes field mapping,
sedimentary facies analyses, radiometric datings, palaeocurrent studies, and tectono-
stratigraphic investigations. Beyond providing new insights to the regional geology, results
from this study will be discussed in comparison with current facies models for valley-fill
successions and also to highlight implication for the tectono-stratigraphic evolution of
the Northern Apennines [24–26]. This work adopts the International Chronostratigraphic
Chart v2020/03 nomenclature.
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Figure 1. Tectonic map of the Northern Apennines, with indication of the main Neogene–Quaternary
intermontane basins (Modified after [27]). Location of the study area is shown.

2. Geological Setting

After the collisional event that gave rise to the Northern Apennines (Late Oligocene-
Early Miocene), a widespread extensional event produced the thinning of the previously
overthickened continental crust [24,25] favoring the development of a Basins-and-Ranges
upper-crustal architecture, especially in the inner zone of the belt (i.e., northern Tyrrhenian
Sea and southern Tuscany) [16]. Extensional tectonics and related structural depressions
(i.e., basins) have been migrating from west to east, thus the inland westernmost basins
are the oldest ones [26]. In this view, the progressive eastward migration produced the
development of intermontane basins, which evolution was characterized by an extensive
tectonic activity conditioning the sedimentation [28,29].

The study area is drained by hydrographic systems pertaining to three major intermon-
tane basins, namely the Upper Valdarno, Siena and Val di Chiana Basin (Figures 1–3). This
area forms a narrow, elongated belt, that, for sake of simplicity, has been divided into three
sectors based on the occurrence of three major faults (faults F1 to F3 in Figures 2 and 3,
sectors are visible in Figure 3). Sector 1 and 2 are sited within the modern drainage sys-
tem pertaining to the Upper Valdarno and Siena Basins, respectively, whereas sector 3
is sited in the drainage of the modern Val di Chiana Basin. Sector 1 is drained by the
modern Ambra River (Figure 3), which after flowing southward for a few kilometers bends
northward to join the Arno River in the Upper Valdarno Basin. Sector 2 is drained by the
southward-flowing Ombrone River, which deeply cuts Pliocene marine deposits of the
Siena Basin (Figure 3). The southern part of Sector 2 is characterized by the occurrence
of a flat morphological surface (Pian di Bari and Bestina plain) that contrasts with the
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hilly landscape generated by the erosion of marine sediments, and caps the study deposits.
Sector 3 is drained by the Foenna Creek (Figure 3), located at the bottom of a wide plain
within the Sentino Basin (Figure 3). The Foenna Creek is sourced from the Rapolano area
and drains eastward toward the Val di Chiana Basin (Figure 3).

The Upper Valdarno Basin is located about 35 km SE of Florence, between the Chianti
Mountains and the Pratomagno Ridge, and it is filled with a few hundred meters of
palustrine, lacustrine and alluvial deposits [30–33]. The basin fill succession consists of three
major unconformity-bounded stratigraphic units [33] accumulated between Piacentian
and Chibanian. The Calabrian to Chibanian depositional history of the Valdarno Basin is
well-constrained by integrated magnetostratigraphic [31,33] and palaeontological data [34],
which reveal the entrance of the Arno River into the basin [21,35]. The Arno River flowed
from the Casentino Basin (Figure 1) southward to the Val di Chiana Basin since Pliocene
time [21]. A piracy event caused the northward deflection into the Upper Valdarno Basin
just before the Matuyama/Brunhes geomagnetic polarity transition [33,36]. In the basin fill
succession, this geomorphic event is documented by: (i) a basin scale unconformity [36]; (ii)
the increase of depth in channel of the axial drainage systems [33] and (iii) the occurrence
of distinctive calcareous clasts from the Casentino area [35] in the axial fluvial deposits.

Figure 2. Geological map of the study area with indicated the enlarged areas in Figures 4 and 6. The
indicated F1–F3 faults are mentioned in the text.

The Siena Basin is located about 15 km SE of the Upper Valdarno Basin, along the
western side of the Chianti Ridge, and is bounded westward by the Monticiano-Roccastrada
range (Figures 1 and 2). The basin-fill succession is ca. 100 m thick and consists of Miocene
continental deposits covered by a Pliocene marine succession [37,38]. Marine sedimentation
occurred since early Zanclean and it is well-documented along the Chianti margin, in the
Castelnuovo Berardenga surroundings [39–41]. In this area, coastal marine deposits present
three major relative sea-level changes [41] occurred during Piacentian time. In the Siena
Basin, marine sedimentation ended up in the latest Piacentian [39–41], although recent
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studies pointed out the occurrence of latest Gelasian deposits [42]. This marine succession
forms the youngest substrate of the investigated succession, which appears to be the only
record of deposition in the area during Gelasian to Calabrian time ([22,23] Figure 4)

Figure 3. Geomorphological features of the study area. Watersheds separating the major drainage
domains are highlighted, along with the key structural features associated with the present study (F1
to 3 faults).

Figure 4. Age of deposits filling the Upper Valdarno, Siena and Val di Chiana Basins during Plio-
Pleistocene time.

367



Geosciences 2021, 11, 141

The Val di Chiana Basin represents the southern extension of the Upper Valdarno
Basin, and it is separated from the latter one by a 10-km-wide rocky ridge (Figures 1–3). The
Val di Chiana Basin is filled up with a 1500–2000 m thick sedimentary succession [43,44],
consisting of marine and alluvial deposits accumulated between Pliocene and Pleistocene
time. The stratigraphy of the Northern Val di Chiana Basin fill is still poorly known,
although it was recently improved by [45]. In this sector of the basin, marine sedimen-
tation occurred in the basin until late Piacentian [44,45], and it was replaced by alluvial
sedimentation during Gelasian to Calabrian time [45]. The alluvial succession of the Val
di Chiana Basin includes two major unconformity-bounded units (Bettolle and Marciano
Synthems in [45]) consisting of sand and mud accumulated by a southward-directed palaeo-
drainage. The Marciano Synthem is constrained to Calabrian by well-known mammal
faunal associations [46].

The structural setting of the study area is defined by contractional structures related
to the orogenesis of the Northern Apennines (i.e., fold-and-thrust system, [47] for a review)
and by later structures related to the development of the Neogene-Quaternary basins
([37] for a review). Regarding the later ones, these were characterized by a prolonged
activity from Late Serravallian to late Quaternary ([47] with references therein). The
Pliocene-Pleistocene faults (Figure 2) controlled the configuration of the current structural
depressions (i.e., Siena, Val di Chiana and Valdarno Basins) and their infill. In the study
area (Figure 2), these faults can be categorized in three main systems depending on the
age, the geometry and the kinematics: (i) Zanclean-Piacenzian N-S normal faults; (ii)
Neogene-Quaternary NE-striking faults; and (iii) Neogene-Quaternary NW-striking faults.
Zanclean N-S normal faults are mainly represented by the Rapolano Fault, a regional
structure that bounds the eastern margin of the Siena Basin, partially covered by Piacenzian
marine sediments [48,49]. It juxtaposes, in several places, the pre-Neogene succession of
the Chianti- Cetona Mt. ridge (Tuscan Nappe, [50]) with the Zanclean-Piacenzian marine
sediments filling the Siena Basin. Similar features characterize also minor faults associated
to the Rapolano Fault (Figure 2). The maximum vertical offset of the Rapolano Fault was
estimated in about 400 m on the basis of the interpretation of the seismic profiles [38].
Slickensides on minor faults mainly affecting the pre-Neogene Jurassic carbonate and
siliceous units indicate a dominant dip–slip movement with minor left-lateral component.
These faults are interrupted by NE- and NW-striking faults. These latter ones dissect the
Piacenzian marine sediments and Late Pleistocene-Holocene travertine deposits [51–53],
supporting the hypothesis of active tectonicsin the whole area. This is also confirmed by
the prehistoric and historical seismicity mainly recorded by the travertine deposits [53,54].
Furthermore, NE- and NW-striking faults play a role in controlling the geothermal fluid
circulation, as well as the location of thermal springs and travertine deposits [55–57].
These faults controlled also the late geomorphological evolution of the study area, mainly
characterized by the Ambra Valley and Sentino Basin. In particular, the Ambra Valley
area was mostly controlled by NE-striking fault system that is part of the so-called “Arbia-
Valmarecchia Line” ([58] with references therein). This consists of a brittle shear zone
characterized by anastomosed fault segments [52], which interfered with the continental
sedimentation during the Quaternary [22]. The Sentino Basin developed in response of
the activation of several NW- and NE-trending faults. Their interplay gave rise to the
peculiar zig-zag shaped structural depression, controlling the continental sedimentation as
illustrated in the next paragraph. Both NW- and NE-striking faults are characterized by a
dominant left- and right-lateral oblique-slip kinematics.

3. Materials and Methods

The stratigraphy and most of the structural data from sector 1 and the northern part
of sector 2 were investigated in previous studies [22], which outlined the occurrence of an
incised valley in the northern margin of the Siena basin. The evidence was integrated with
new sedimentological and structural data obtained expanding the study area toward the
south and including field activities in sector 3 and in the southern part of sector 2.
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The spatial extent of the studied deposits was mapped on a 1:10,000 scale topographic
base (Figures 5 and 6). The sedimentary units were characterized and ascribed to specific
depositional environments following basin principles of facies analyses. The main palaeo-
drainage routes were calculated from palaeocurrent measurements, which were obtained
from dip of foresets from cross-bedded strata and a(t)b(i) clast imbrications.

Figure 5. Geological map of the Sentino Basin (after [58], improved and expanded toward south).
Querciolaia Fault corresponds to the F2 mentioned in the text and indicated in Figure 2; Violante and
San Gimignanello Faults correspond to the F3 mentioned in the text and indicated in Figure 2.
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Figure 6. Geological map of the Ambra Valley (from [38], modified). La Selva Fault corresponds to
the F1 mentioned in the text and indicated in Figures 2 and 3.

Structural analyses were focused on high-angle normal faults, which are thought
to represent the youngest regional structures affecting both unconsolidated Pliocene–
Pleistocene deposits and pre-Neogene bedrock. Structural and kinematic data represent
discrete clusters (structural stations), along exposed meso-fault surfaces.

U–Th dating was carried out for travertines exposed in the southern part of the
study area (Figure 5). The dating procedure was conducted at the High-Precision Mass
Spectrometry and Environment Change Laboratory (HISPEC), Department of Geosciences,
National Taiwan University [59,60] following the procedure already described in [53].
Determinations of all U-Th isotopic compositions and concentrations were made on a
Thermo-Finnigan NEPTUNE multicollector inductively coupled plasma mass spectrometer
(MC-ICPMS) [59]. Off-line data reduction methods followed [61]. Half-lives of U–Th
nuclides used for age calculation was given by [62]. Isotopic and age errors given are
two standard deviations of the mean and two standard deviations, respectively, unless
otherwise noted.

Well logs and geophysical data reported by [22] were integrated with field evidence
and a new borehole dataset in sector 3, in order to estimate thickness variability of the
studied sedimentary entities, with particular focus on definition of the valley floor depth.

The studied deposits form a 1 to 3-km-wide and ca. 40-km-long entity, which crossed
the three major sectors forming the study area. The succession was divided into four units,
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which are separated by erosional surfaces of abrupt changes in facies assemblages (e.g.,
change from fluvial to lacustrine deposits).

4. Results

4.1. Structural Features

Structural features are described for each sector indicated in Figure 3. Sector 1
(Figures 2 and 6) is part of the main brittle shear zone corresponding with the Arbia-
Valmarecchia shear zone (Figure 2, cf. [63]). This is mainly characterized by dominant
NE-striking fault segments that are linked by NW-striking ones (Figure 4). Fault 1 (La
Selva Fault, Figure 4) is part of this fault system. N-S- striking faults pre-date the NW-
and NE-striking ones, as indicated by their cross-cutting relationships. These faults af-
fected only the bedrock mainly represented by Late Oligocene-Early Miocene sandstone
(Macigno Fm), whereas NE- and NW-striking faults affected both the fluvial deposits and
the bedrock (cf. [22,62]). Faults in bedrock are characterized by centimetre-thick core zones
and damage zones wide up to 5 m; meso-faults display well-developed sets of fractures,
often with a en-echelon geometry concentrated near the slip surface. These characteristics
weakened large volumes of rock, creating greater erodibility along the NE and NW fault
trend. This process, enhanced by the hydrogeological pattern, favored the development of
interconnected valleys mainly parallel to the NE-striking faults. The offset of these surfaces
does not exceed a few meters. N-S, NE- and NW-striking fault planes show a number
of kinematic indicators consisting of mechanical striation and calcite fiber-steps. In the
damaged zones, arrays of extensional jogs and T-fractures mainly occur. Kinematics of
N-S striking faults indicate a dominant normal displacement. NE- and NW-striking faults
(Figure 7) are characterized by dominant left-lateral oblique-slip movements. A synthesis
of the collected data is reported in Figure 8.

Figure 7. Panoramic view of faults affecting the successions filling the Sentino Basin and surround-
ings: (a) NW-striking normal fault dissecting Late Pleistocene continental sediments; (b) NE-striking
left-lateral oblique-slip fault juxtaposing Piacenzian marine deposits to Mesozoic carbonate.
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Figure 8. Stereographic diagrams (equiareal diagrams, lower hemisphere) illustrating cumulative
kinematic data collected in different structural stations and divided per fault systems: N-S, NW-
and NE-striking faults. For each fault system, faults and striae (upper diagrams) and fault plane
solutions diagrams with kinematic axes from the inversion of kinematic data are shown. Location
of the indicated sectors are reported in Figure 3. Kinematics data from area 1 have been integrated
with those published in [38]; Kinematics data from area 3 have been integrated with those published
in [38].

Sector 2 (Figures 2, 5 and 6) is mainly defined by a main cartographic-scale fault
named as the Terre Rosse Fault (Figure 6). It dips south-westward and it delimits, for at
least 3 km, the easternmost Pliocene sediments filling the Siena Basin from the bedrock
composed of the Macigno Fm. The fault trace is buried by Quaternary deposits, denying
direct observation and kinematic analyses on the main fault surface. Its maximum offset
can be estimated at several tens of meters. The Terre Rosse Fault is interrupted to the north-
west by the NE-striking fault. Kinematics analyses on minor structures in the footwall
allow to recognise three fault systems, similarly to the Area 1: N-S, NW- and NE-striking
(Figure 8). All faults show dominant normal to oblique-slip movements. (Figure 8).

Sector 3 (Figures 2 and 5) includes several cartographic scale faults (Figure 2). The most
important ones bound the Sector 3, namely the Querciolaia Fault (F2 Fault in Figure 2) and
Violante-Sangimignanello faults (F3 Fault in Figure 2) both NE-striking (Figures 2 and 6).
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These are characterized by fault traces exceeding 1 km, by several tens of meters off-sets
and they are associated with contemporaneous NW-striking faults (Figure 6). Both NW-
and NE-striking faults were recognised affecting the bedrock, represented by Jurassic-
Cretaceous carbonate succession, Cretaceous-Early Miocene shale/carbonate succession
and the Pliocene-Quaternary deposits (cf. [50]). Faults in bedrock are characterized by
centimetre-thick core zones and damage zones wide up to 20 m; meso-faults display
sets of fractures and a number of kinematic indicators, mainly consisting of mechanical
striation and calcite or quartz fiber-steps. All faults show dominant normal to oblique-slip
movements (Figure 8). NE- and SW-striking faults dissected the N-S striking Rapolano
Fault, which activity was from Zanclean to Piacenzian [38].

4.2. Stratigraphy

The stratigraphy of the studied area is summarized in Figure 9, by means of an
idealized cross-section along the valley axis.

Figure 9. Schematic cross section along the axis of the study sedimentary body.

4.2.1. Unit 1
Sector 1

Sector 1 is characterized by a widespread cover of Holocene deposits (Figure 6).
Deposits of Unit 1 do not occur in the most proximal reach of the sector 1, where pre-
Neogene bedrock is exposed in the thalweg of the modern Ambra River, but borehole and
geophysical data [22] show that 60-m-thick gravels occur just upstream of the fault F1 at
the bottom of the modern valley (Figures 9 and 10). These gravelly deposits are confined
in a 0.8–1.5 km wide palaeovalley (unit V1 in [22]; unit Q and FL in [64]), which wanders
with an overall NNE–SSW trend and it cut the pre-Neogene bedrock. In the southernmost
part of the sector 1, these deposits are locally exposed, and they consist of amalgamated
and poorly-organized pebble to cobbles with scattered boulders.
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Figure 10. Simplified sedimentological logs and core data from the study deposits. Their location in
the idealized longitudinal cross section shown in Figure 9 is shown.

Sector 2

Deposits of Unit 1 (unit V1 in [22]; unit Q and FL in [64]) are largely exposed in the
northern part of the sector 2 (Figures 9, 10 and 11A). In the Castello di Montalto area, they
cut the pre-Neogene bedrock, forming a sedimentary body wide ca 1.2 km and thick 60
to 70 m. In the Arcidosso area, they cut the Pliocene marine deposits and they show a
similar thickness but increased width to ca 2.5 km. These deposits consist of gravels with
subordinate sand and mud. Gravels consist of multilaterally arranged channelized bodies,
which are up to 4.5-m thick and several tens of meters wide in sections perpendicular to the
palaeoflow direction (Figure 11A). Gravels form large-scale inclined beds, which are mainly
made of clast-supported pebbles and sandy pebbles. Pebbly beds are up to 50-cm thick and
they show a well-developed plane-parallel to planar-cross stratification, which is commonly
highlighted by alternation of matrix-free and matrix-rich strata. Sandstone pebbles and
cobbles from the Macigno Fm are deeply weathered. Channelized sandy deposits are less
common, and they mainly occur in the upper part of the unit in the sector 2. Sand beds
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are normally graded, erosively based and they exhibit plane parallel-stratification and
ripple cross-lamination. Massive overbank mud is exposed in the proximal reach of the
sector 2 (Figure 11A). These muds draped the whole valley and they are up to 5–6 m thick.
They include organic-rich layers and pedogenic horizons with scattered root traces and
carbonate concretions.

Figure 11. Unit 1 deposits. (A) Channelized gravel and overlying overbank mud exposed in the
Arcidosso area. (B) Channelized sand overlying marine Pliocene deposits in the Sentino Basin area.
(C) Poorly organized gravel in the Sentino Basin area.

Sector 3

Deposits of Unit 1 occurs in the sector 3 as an isolated, N-S trending lithosome
overlying the pre-Neogene bedrock and Pliocene marine deposits in the east to Rapolano
Terme. This sedimentary body is thick at least 20 m and it consists of clast-supported
gravels grading southward into sand with subordinate gravels. Gravels occur above
Mesozoic bedrock and they consist of moderately to well-rounded boulders of metric size?
(Figure 11C). They are poorly organized exhibiting a gravelly to sandy matrix. Sandstone
clasts from the Macigno Fm are deeply weathered, as those occurring in the sector 2. Sandy
deposits occur above Pliocene marine sand and they are 4-m-thick channelized bodies
(Figure 11B). These bodies are made of medium-grained sand with sets of large-scale
inclined beds dipping at 5 to 20◦. Inclined beds are characterized by a plane parallel and
ripple cross-lamination. These beds are floored by channel lag gravels, which include
deeply weathered sandstone pebbles of the Macigno Fm.

Palaeoflow Data

In the sector 1, deposits of Unit 1 are not exposed, but subsurface investigations show
that they are enclosed in a N-S trending depression up to a few hundred meters wide
(Figure 5). In the sector 2, deposits of Unit 2 form a N-S trending, elongated body that
bends eastward, where alluvial deposits overlie Pliocene sediments. Palaeoflow of these
deposits (Figure 12) is consistent with the orientation of the elongated body and it changes
from southward to eastward, where the studied deposits cover the Pliocene sediments. In
the sector 3, Unit 1 forms a N-S trending body and the palaeoflow is directed southward in
both gravelly and sandy facies.
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Figure 12. Paleocurrents distribution within the study deposits. Grey dashed line represents the
watershed displayed in Figure 3.

Age

Organic-rich portions of overbank mud exposed in the Arcidosso area bear gastropod
shells, including terrestrial Pomatia elegans and Retinella sp. [64]. The age distribution of this
fauna spans from the earliest Gelasian to the Recent [65]. Palaeomagnetic studies revealed
that a reverse magnetic polarity turned into a normal one at ca 25 m from the base of the
unit [23].

4.2.2. Unit 2
Sector 1

Deposits of Unit 2 are confined within the same elongated palaeovalley that encloses
the Unit 1 gravels occurring on top of them. Unit 2 deposits consist of mud with subordi-
nate sand (V2fla in [22]), and interfingers with pebble to cobble-sized gravel in La Selva
area (V2af in [22]). Mud is grey to dark grey and it is bedded or form massive tabular
strata (Figure 13A). Greyish mud contains root traces and commonly root-bioturbated,
whereas dark-grey mud is significantly enriched in organic matter and plant debris. Mud
includes sandy deposits, which form tabular or channelized bodies. Tabular bodies thick
up to 1.5 m consist of massive to plane parallel-stratified, medium-grained to fine-grained
sand. Channelized bodies are up to 4 to 5 m thick and at least 50 to 60 m wide along-
strike. Channelized sand consists of fining-upward bedsets of pebbly, coarse-grained
sand grading into mud. These sandy bodies feature metric-scale inclined strata dipping
at 5 to 10◦. Inclined beds show plane parallel and trough cross-stratification and ripple
cross-lamination. Gravels occurring in La Selva area consist of clast-supported, moderately
to well-rounded, pebbles to boulders with subordinate sandy intercalations. Gravels form
channelized units, up to 1.2–2 m thick. These units show an overall fining-upward trend
and a range from massive at the base to crudely plane-parallel stratified at the top. In plain
view, these gravels are organized in a fan shape, which has its apex on the eastern flank of
the modern valley.
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Figure 13. Deposits of Unit 2 and 3. (A) Massive overbank mud of Unit 2 exposed upstream of fault
F1. (B) Fluvial gravels of Unit 2 overlying Pliocene marine deposits just downstream of fault F1.
(C) Alluvial-fan gravel and sand (Unit 2) sourced from the bedrock forming the footwall block of
Terre Rosse fault (Sector 2). (D) Sandy bar deposits (Unit 2) of the Pian di Bari area. (E) Scheme
showing deposits of Units 2 and 3 in the Pian di Bari outcrop. (F) Fluvial gravelly sand of Unit 2
erosionally overlying Pliocene marine deposits. (G,H) Horizontally bedded palustrine deposits of
Unit 3.

Sector 2

Deposits of Unit 2, are exposed in the northern part of sector 2 and consists of fluvial
(V2flb in [22]) and alluvial fan (V2af in [22]) deposits. Fluvial deposits consist of gravels
grading eastward into sand (Figure 13B) and are confined within a 2–2.5 m wide and N-S
trending palaeovalley. Gravelly fluvial deposits are ca. 15 m thick and from 1 to 2 m thick,
multi-storey channel bodies, commonly floored by a(t)b(i)-imbricated pebbles and scat-
tered, angular boulder-sized clasts. Gravel ranges from plane-parallel to cross-stratified.
Fluvial sand is characterized by multilateral channel bodies up to 5–6 m thick (Figure 13E).
These bodies are made of medium-grained sand floored by fine pebbles (Figure 13F),
which grade upward into pedogenized fine-grained sand and mud. Channelized sand is
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structured into sets of large-scale inclined beds dipping at 5 to 20◦ (Figure 13D). Inclined
beds are characterized by a plane parallel, trough cross-stratification and ripple cross-
lamination. The overlying mud displays evidence of pedogenesis. Alluvial-fan de-posits
are sited along the eastern side of the palaeovalley and are sourced by the relief generated by
the Terre Rosse Fault. Alluvial-fan deposits mainly consist of pedogenized sand that passes
upward into channelized gravels (Figure 13C). Sandy deposits consist of vertically stacked,
tabular beds which range from massive to slightly plane-parallel stratified. Channelized
gravels are commonly floored by a(t)b(i)-imbricated cobbles with pebbles organized in
plane-parallel to cross-stratification.

Sector 3

Deposits of Unit 2 do not occur in the eastward reach of the sector 3, where pre-
Neogene bedrock crops out in the thalweg of the Foenna Creek. The western part of the
sector 3 (i.e., Sentino Basin) is characterized by a widespread cover of Holocene deposits
(Figure 5), but evidence for the occurrence of unit 2 arise from new borehole data (Figure 10).
These data show that in this area the Unit 2 occurs below the Holocene alluvium of the
Foenna Creek and consists of ca. 60 m thick gravel and sand.

Palaeoflow Data

Palaeocurrents from fluvial deposits in the sectors 1 and 2 point to an overall palae-
oflow directed toward south (Figure 12). Alluvial-fan systems are associated with trans-
verse supplies, which derive from west and east in the sector 1 and 2, respectively. No
evidence of palaeoflow direction can be detected in the sector 3, since Unit 2 deposits have
only been detected in the subsurface.

Age

No age constraints exist for deposits forming this unit.

4.2.3. Unit 3
Sector 1

The Unit 3 in sector 1 is represented by alluvial terraces of the Ambra River (Figure 6).
These deposits are up to 2 m thick and are largely covered by Holocene colluvium. They
mainly consist of channelizes sand covering a gravelly lag.

Sector 2

The Unit 3 is up to 15 m thick and it mainly occurs in the southern part of the sector. It is
mainly represented by lacustrine and palustrine mud, with subordinate sandy intercalation,
which are locally common in the upper part of the unit. In the Pian di Bari area, it is a few
meters thick and cover overbank mud of Unit 2 (Figure 13E,G). In this area, it consists of
palustrine, organic-rich mud (Figure 13H) with sandy intercalations containing abundant
freshwater molluscs. In the southernmost part of the sector 2, the Unit 3 uncomfortably
overlays Pliocene marine deposits and it consists of lacustrine mud grading upward into
deltaic sandy beds. Lacustrine mud is tightly laminated including layers of well-sorted fine
sand. These lacustrine layers are intensely deformed by dewatering structures and they
are cut by syn-sedimentary normal faults (Figure 14). Overlying deltaic sandy beds are
mainly tabular and characterized by widespread plane-parallel stratifications. Locally, they
0.5 to 1.5 m thick channelized bodies, which are paved by gravelly lags; they developed
as distributary channels of small-scale deltaic systems locally sourced from the Rapolano
Terme area. In the southernmost part of the sector 2, the flat morphological surface capping
the lacustrine deposits defines a N-S oriented flange, that is ca. 6 km long and 0.5–1.5 km m
wide. Such a flange is currently drained by the southward-flowing Bestina Creek, a 1–2 m
wide rill that has been reclaimed by agricultural activities. No outcrops occur along the
creek, but the modern soil flooring the flange includes abundant gravelly deposits.
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Figure 14. Soft-sediment deformation structures in lacustrine sandy silt (Unit 5b); (a) detached
highly-non cylindrical fold; (b) shear bands and related deformed laminations; (c,d) slump sheets; (e)
slump sheets and deformed laminations; (f) clastic dykes.

Sector 3

In this sector, Unit 3 is up to 25–30 m thick but is poorly exposed. It mainly consists of
mud with subordinate sands. Muddy deposits are massive, with organic-rich layers and
local evidence of pedogenic processes (e.g., caliche). Sandy layers are up to 1.5 m thick
and they show erosive bases floored by fine-grained gravels. The geometry of these sandy
bodies cannot be defined because of paucity of outcrops.

Palaeoflow Data

In sector 1, the Unit 3 is represented by terraced deposits of the Ambra River, indicating
a northward-directed palaeoflow, in agreement with the course of the modern Ambra River.
In sectors 2 and 3, no palaeoflow data are available for Unit 3 deposits mainly due to their
fine-grained nature and paucity of exposures.

Age

No age constraints have been detected for the deposits forming this unit.

4.2.4. Unit 4
Sector 1

Unit 4 in sector 1 is represented by alluvial terraces of the Ambra River (Figure 6).
These consists of are 1–2 m thick sand and are largely covered by Holocene colluvium,
which prevents from a detailed description. A precise boundary between terraces of Unit 3
and 4 cannot be defined.
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Sector 2

The area is characterized by the presence of thick successions (up to 50 m) of con-
tinental carbonates (Figure 15A,C) and subordinate fluvial terraces (Figure 15B). These
carbonates (mostly travertine, secondarily calcareous tufa and lacustrine deposits [55])
are widely diffused along all the basin margins (Figure 5). They were dated through
U–Th isotopic composition (cf. [66,67]) and originated from several thermal springs in
the area [68,69]. Facies association [51–56,70–75] evidences a large variability in their de-
positional environments, generally evolving from proximal systems (typically close to
vents, like mounds and fissure ridges), to intermedi-ate (slopes and channels) up to distal
(marsh, shallow lakes and transitional to alluvial plains) [76]. Local sections show the
direct superposition of the carbonates to alluvial/fluvial clastic deposits (Figure 10). In
some areas, the carbonate deposits are arranged in different quotes corresponding to at
least three depositional terraces (Figure 10).

Figure 15. Deposits of Units 3 and 4. (A) Travertine of Unit 3 unconformably overlying lacustrine
sand of Unit 3. (B) Fluvial terraces of the Ombrone River (Unit 4) covering Pliocene marine mud.
(C) Travertines of Unit 4 in the Rapolano area.

Sector 3

Differently to Sector 2, the Sector 3 shows a patchy distribution of the continental
carbonates (dominantly travertine) deposited in similar depositional environments, but
with reduced extent (Figure 5) and thickness (up to 15 m). Also in this sector, travertines rest
on fluvial/alluvial deposits (sands and conglomerates) and they evidence a distribution in
at least three depositional terraces.

Palaeoflow Data

The alluvial deposits belonging to Unit 4 were accumulated by a drainage system
configured similarly to that one of the present-day drainage. Likewise, the travertine
deposition shows a dominant W-SW direction in the Sector 2 (from the basinal shoulder
towards the Ombrone River hydrographical pattern) and an E-SE direction in the Sector 3
(towards the Sentino Basin and Foenna Creek)
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Age

Sixteen travertine samples were collected in the area for radiometric analysis (Table 1
and Figure 16). All samples derived from macrocrystalline low porous material, avoiding
the presence of secondary cements.

Figure 16. Comparison between available paleoclimate and travertine data of Rapolano Terme area.
The new radiometric data here achieved (first line) are compared with previous ones [51,53,54] and
recognized unconformities. Travertine data are reported with their standard deviation. Black line is
the SPECMAP marine paleoclimatic δ18O record during late Pleistocene time [66]. It is evidenced the
presence of at least three previous depositional phases. See text for details.

Due to different U and Th-concentrations, three samples resulted impossible to date,
one not useful (infinite age error) and six samples with a very high error range. Combining
the resulting data with stratigraphic and radiometric data, already published on the same
travertine [51,53,54,74], it is possible to evidence a cluster of four main depositional phases
separated by unconformities and succeeding from the latest Middle Pleistocene up to now.
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5. Discussion

5.1. Palaeo-Drainage Evolution and Age

The confinement of the fluvial deposits along a narrow N-S trending depression,
along with the dominance of palaeoflow parallel to the axis of this depression provide
solid insights to confirm the occurrence of an ancient southward-draining valley in the
study area [45]. This palaeovalley entered the western side of the Val di Chiana Basin
in the Rigomagno area (Figure 2), where Gelasian to Calabrian valley-fill deposits were
described [45].

The complex spatial distribution of the valley-fill deposits and the remarkable changes
in their thickness, are characteristics explained here as a complex interplay between tec-
tonics and sedimentation (Figure 17). The depositional history of this palaeovalley is
reconstructed, with particular emphasis on the role played by the major faults (F1 to F3 in
Figure 2) in controlling the aggradation and the avulsion of the related fluvial systems.

Figure 17. Reconstructed depositional evolution of the study valley.

The first evolutive stage was associated with an incision of the main valley system
(Figure 17A), which assumed a different aspect ratio as function of the hosting substrate
nature (i.e., pre-Neogene bedrock vs. Pliocene deposits). The first aggradational phase
(Figure 17B) was especially pronounced at the outlet of the valley in the Siena Basin, where
a 60-m-thick, gravel-dominated Unit 1 was emplaced (sectors 1 and 2). Such a localized
accumulation of fluvial deposits accounts for the lack of Unit 1 in the distal part of sector 2,
which probably experienced sediment starvation and bypass. The occurrence of Unit 1
in the proximal part of sector 3, suggests that the river outflowed from the Siena Basin
dismantling its eastern rocky shoulder and producing an exceeding sediment load that
locally congested the valley.

The onset of deposition of Unit 2 (Figure 17C) occurred as a consequence of the
activations of F1-F3 faults, which strongly modified the valley bottom profile and caused
the development of localized depocenters and valley shift in the proximal part of sector 2.
The movement of the F1 fault caused the subsidence in sector 1, inducing an overall
decrease in transport capability of the valley, with accumulation of overbank-dominated
fluvial deposits within the valley and gravel deposition restricted to tributary inlets along
the valley flanks. As the area sited downstream of F1 fault underwent uplift, the axis of
fluvial incision within the valley progressively shifted towards the hydrographic left, a
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process ascribed to the increase of the F1 fault displacement towards the south-east. The
progressive dismantling of this uplifted block caused aggradation of gravelly and sandy
deposits in the proximal and distal parts of the sector 2, respectively. In sector 2, the
shift of the major river occurred in parallel with the activation of the Terre Rosse Fault
(Figures 2 and 4), that caused a development of alluvial fans along the left-hand side of
the valley flank/north flank of the valley? Although exposures are limited at the present
day, similar processes occurred in association with fault F2 and F3. Specifically, the coarse
sediments produced by the dismantling of the F2 footwall were trapped in the subsiding
area developed upstream of F3 fault, as attested by borehole data.

The deposition of Unit 3 was associated with a dramatic reorganization of the river
network (Figure 17D). The major river abandoned the valley, and in sector 1 the Ambra
River started to flow northward following the establishment of the modern watershed
between the Upper Valdarno Basin and the Siena Basin. This caused incision and terracing
of Unit 2 mud in the modern Ambra River valley. The Ombrone River was the only tributary
of the major valley, that was flooded in sector2 as a consequence of damming due to F2
fault. The lake had probably an emissary in its southern termination, as suggested by the
gravelly-floored abandoned valley now drained by the Bestina Creek. The fragmentation of
the valley caused also a development of palustrine conditions in sector 3, that was dammed
by F3 fault. Intense tectonic activity during this phase is also testified by the occurrence of
syn-sedimentary faults and dewatering structures in the lacustrine deposits of the NE to
Rapolano Terme.

The last depositional stage was associated with the establishment of the present-day
drainage (Figure 17E). The Ambra River kept terracing its modern valley, mainly following
entrenching of the Arno River in the Valdarno Basin [22]. The lake developed in sector 2
was emptied following a capture from a SE draining watercourse. This event caused a
deflection of the Ombrone River toward SW along with the abandonment of the lake
emissary that nowadays is drained by the Bestina Creek. The fluvial incision and the
terracing of sector 2 was followed by accumulation of travertines, which were formed from
precipitation of thermal water sourced by fault F2 and F3.

The proposed reconstruction frames the evolution of the studied palaeovalley between
the regional marine regression and the accumulation of travertine and coeval fluvial
terraced deposits (i.e., Unit 4), that occurred at 2.5 my and 40–150 kyrs, respectively.
The diversion of the Ambra River toward north, at the transition between Unit 2 and 3,
followed the entrance of the Arno River in the Upper Valdarno Basin just before the
Matuyama/Brunhes transition [31,33,36] at 0.78 Ma. In this frame, the change from reverse
to normal polarity detected by [22] in the middle part of the Unit 1 could be ascribed to the
base of either Olduvai or Jaramillo sub-chrons. However, if marine sedimentation persisted
in the Siena Basin until latest Gelasian, as suggested by [42], such a reverse polarity would
correspond to the base of the Jaramillo sub-chron.

The thickness of the channel bars in the fluvial deposits of Unit 1 and 2 indicate
that the palaeo-channels draining the valley were up to 4–5 m deep. Using a palaeo-
hydrological approach, [22] estimated a bankfull discharge of ca. 266 m3 s−1 for a palaeo-
channel of Unit 1. Although the river discharge strongly depends by local runoff, the
value is comparable with that one of the modern Arno River at its entrance in the Upper
Valdarno Basin, suggesting that the studied palaeovalley was drained by a major fluvial
system. Nevertheless, further geological investigations and detailed provenance studies
are required to reconstruct the origin of this fluvial system.

5.2. Lifecycle of an Intermontane Fluvial Valley

The incision of the studied valley system occurred after a tectonically-driven, regional
uplift that caused a marine forced regression in the whole inner sector of Northern Apen-
nines [16]. Therefore, the development of the valley matches with classical stratigraphic
models, that relate the incision of valleys in coastal areas to episodes of base level fall and
a dramatic subtraction of accommodation space [1]. These models also predict a wide
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spectrum of processes to fill incised valleys in coastal areas, although all of them required a
relative sea-level rise, which allowed an increase of available accommodation space within
the valley [3], heading its progressive backfilling according with the available sediment sup-
ply [1]. The infill of the valley cannot be ascribed to a relative sea-level rise since regional
doming, in combination with the occurrence of inherited Neogene morpho-structural sills,
prevented the sea from reentering southern Tuscany after the late Piacentian forced regres-
sion [16,77]. The aggradation within the valley can be ascribed to an unsteady sediment
balance, and specifically to a progressive increase of sediment influx in comparison with
the ebb [1]. This unsteadiness in sediment balance was differently manifested during
accumulation of Unit 1–4. The tectonic uplift of the Chianti Ridge (i.e., one of the source
area of the study palaeo-drainage) occurred at the Piacentian to Gelasian transition and it
is represented by progressive unconformities in the basin-fill succession of the neighboring
Upper Valdarno Basin [78]. Such an uplift enhanced the amount of sediment supplied into
the valley and it triggered aggradation of Unit 1, especially at the entrance of the valley in
the Siena Basin (sectors 1 and 2), where an abrupt decrease of gradient occurred. In sector 2,
the valley-scale muddy overbank deposits might have been accumulated in response to an
upstream gravel trapping, due to the localized decrease in the valley gradient associated
with the activation of the F1 fault system. After dropping most of its load at the entrance of
the Siena Basin, the river entrained new bedload crossing the F3 fault zone and it dropped it
just downstream following a further morphotectonic-induced gradient decrease. Localized
sediment trapping was furtherly enhanced during accumulation of Unit 2. At this stage the
rate of F1–3 footwall uplift outpaced that one of the river embanking, forming localized
barriers that strongly impacted on river transport capability and fluvial styles (cf. [75]).
The desertion of the major river from the valley enhanced modifications of depositional
dynamics during the accumulation of Unit 3 and 4, when the sector 1 hosted a reversed
(i.e., northward) and shrank fluvial drainage (i.e., Ambra River), and sectors 2–3 acted as
small fluvio-palustrine basins.

The reconstructed depositional history shows that incision and filling of the valley
were, therefore, linked to a relative-sea level drop and morpho-tectonic forcings, respec-
tively. This marks the difference between the studied succession and most of the docu-
mented valley fills, highlighting that forcings causing incision and filling of a valley do not
have to be genetically related [79]. Additionally, the occurrence of fluvial, lacustrine and
travertines deposits of Units 3 and 4 shows that the process of tectonic segmentation of the
major valley might cause a large spatial differentiation of depositional dynamics which
contributes to accumulate successions that are hardly identified in the rock record as the
infill of ancient valleys. The wide spectrum of deposits filling the study valley is also a
precious archive of climate and tectonic events affecting the area since latest Piacentian.

The three main depositional phases recognized in travertine and terraced deposits
of Unit 4 assist in the understanding of the complex relationship between local tectonic
uplift, fluvial morphodynamics and climate. The travertine deposition, that is often related
to humid periods allowing the recharge of thermal reservoir, is an important evidence in
this complexity. This situation was illustrated in other Italian travertine examples [80–83]
evidencing how such recharge is directly related to the climatic conditions of the odd-
numbered Marine Isotope Stages. Also in Rapolano Terme area, the sum of the available
data evidence this relation and how, on the short period, the climate exerts a fundamental
control on travertine deposition and on the development of alluvial/aggradational phases.

During the Pleistocene tectonic evolution of the inner Northern Apennines, rela-
tionships between fault activities and the evolution of the continental sedimentation
strongly support a sedimentary response related to the tectonic pulses during the Quater-
nary. In particular, the activity of the Querciolaia and Violante-San Gimignanello faults
(Figure 2), as well as the whole fault segments forming the “Arbia-Valmarecchia” shear
zone, controlled the drainage and fluvio-lacustrine sedimentation during the Pleistocene
and Holocene, thus attesting their primary role in controlling the continental sedimentation
and the hydrographic pattern from Middle Pleistocene to Holocene. This reinforces the
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fact that, according to [52], the study area was affected by significant tectonic activity
during Pleistocene-Holocene times, in response to a transtensive (mainly left-lateral) stress
field [51,53,55]. Soft-sediment deformation structures (i.e., seismites) triggered by ground
shacking present in the lacustrine sediments of the Unit 3 (Figure 13), indicate that the
tectonic activity was accompanied by seismic events during the Middle Pleistocene. This
completes the seismotectonic framework bringing back in time the beginning of the seismic
activity in the study area, before referred to an oldest age of 84 ± 8–48.92 ± 5.08 ka [54].
This adds fundamental information for the better understanding of the seismotectonic
framework and it sheds lights on the seismic potential of this sector of Tuscany, considered
of modest interest with respect to seismic hazard and risk issues.

6. Conclusions

A Pleistocene palaeovalley and related deposits were recognized and mapped over
a distance of ca. 35 km at the border between three major extensional intermontane
basins of the Northern Apennines (Upper Valdarno, Siena and Val di Chiana Basin). This
palaeovalley was cut following the regional late Piacentian marine forced regression, and it
was filled since Gelasian following the intense tectonic activity that caused a progressive
increase of sediment influx in comparison to the ebb. The major results produced from this
work can be summarized as follow:

- Forcings causing incision and filling of a valley do not have to be genetically related.
Although the study valley was cut as consequence of a relative sea-level fall, alluvial
aggradation valley was not driven by a relative sea-level rise but resulted from an
increase in sediment supply and a tectonic-driven sediment trapping within the valley.

- Tectonic segmentation of a valley can cause a wide spectrum of depositional envi-
ronments within the major valley trunk. The occurrence of fluvial, lacustrine and
travertines deposits in the studied valley-fill succession account for this process and
highlight that such a large spatial variability of sedimentary facies can hinder detection
of ancient valleys in the rock record.

- The wide spectrum of deposits filling the tectonically-segmented valley is an archive
for tectono-climatic events. Specifically, it arises that the inner sector of Norther
Apennines was affected by a significant tectonic activity during Pleistocene-Holocene
times, in response to a transtensive stress field.
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Abstract: A sedimentary sequence of fluvial deposits preserved in the Corchia Cave (Alpi Apuane)
provides new chronological constraints for the evolution of the cave system and the timing and rate
of uplift of this sector of the Alpi Apuane since the late Pliocene. Supported by magnetostratigraphic
analysis performed on fine-grained fluvial deposits, and by radiometric dating of speleothems, we
suggest that the deposition of fluvial sediments occurred between ~1.6–1.2 Ma. This implies that the
host volume of rock was already located close to the local base level, adding key information about
the recent tectonic evolution of the Alpi Apuane. A few before ~1 Ma, an erosive phase occurred
due to the base-level lowering, followed by continuous speleothem deposition since at least 0.97 Ma.
From that time, Monte Corchia uplifted at a maximum rate of ~0.5 mm/year, which is consistent
with isostatic uplift mainly driven by erosional unloading. The petrographical study of the fluvial
deposits highlights the presence of material derived from the erosion of rocks that today are absent
in the cave’s catchment area, suggesting a different surface morphology during the Early Pleistocene.
This study highlights the potential of cave sediments as archives for reconstructing the uplift history
of mountain ranges.

Keywords: geochronology; karst; magnetostratigraphy; Corchia Cave; Alpi Apuane

1. Introduction

The Alpi Apuane (northwestern Italy) is a key area for understanding the morpho-
logical and tectonic evolution of the inner northern Apennines. A number of studies
investigated the complex tectonic evolution of the region (e.g., [1–3] and reference therein),
including the exhumation history and its relationship with the orogenesis of this sector
of the Apennine chain, mainly through thermochronology methods (e.g., [4–8]). Ther-
mochronology is the quantitative study of the thermal history of rocks using temperature-
sensitive radiometric dating [9]. It is widely used to reconstruct rock exhumation rates and
the tectonic evolution of mountain belts.
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Other chronological constraints on paleotectonic evolution of mountain ranges can
be provided by alluvial deposits preserved in river terraces located at different altitudes,
but their formation is often strongly affected by climate variations, and so they are not
directly related to tectonically induced base-level changes and their chronology is, however,
difficult to be defined in detail. Conversely, cave systems are less climate dependent than
river systems because their evolution is usually slower and less controlled by surface
processes [10]. Therefore, caves can provide additional quantitative constraints on the
vertical displacement of a subterranean hydrologic system relative to its base level [11–14].
The erosional forms of cave passages, as well as the occurrence and nature of infill deposits,
provide valuable information about the processes of their formation [15,16]. Moreover, since
caves are one of the most stable continental environments, they can preserve depositional
records for long periods.

Horizontal/sub-horizontal levels of passages not controlled by litho-structural hori-
zons are considered the product of a stationary paleo-water table, while vertical sections
are commonly formed as a consequence of a base-level fall [10,17,18]. The ages of these
developmental stages can be inferred by dating the hypogean deposits using, for ex-
ample, uranium-series geochronology or paleomagnetism, from which rock valley inci-
sion rates and regional paleogeographic evolution can be inferred ([19–21] and reference
therein, [13–22]).

The Alpi Apuane are a prominent massif that reaches elevations of almost 2000 m
a.s.l., only a few kilometres inland from the coastline, creating a barrier to the humid
westerly air masses of North Atlantic provenance and generating precipitation exceeding
2500 mm/year [23]. These characteristics, along with the presence of extensive carbonate
rock outcrops, support intense karst processes, allowing the formation of hundreds of
caves [24]. The Corchia Cave karst system is the longest and most complex cave in the
Alpi Apuane [25], and it developed in several sub-horizontal levels connected by pits or
deep canyon-like passages, revealing at least three phases of base-level stillstand [25,26].
We describe here fluvial deposits preserved within the Galleria delle Stalattiti (GdS), which
belongs to one of the major horizontal passage systems of the Corchia Cave complex.
U-Pb ages and paleomagnetic data acquired on samples of these deposits provide further
constraints for the recent morphotectonic history of this sector of the Alpi Apuane.

2. Geological Setting

2.1. The Alpi Apuane and the Monte Corchia

The Apennine chain is a fold-and-thrust belt formed by thrusting from west to east
of part of the Ligurian–Piedmont Ocean (Ligurian and Sub-Ligurian domain) over the
Adria continental margin plate (Tuscan domain) during the Tertiary [27,28]. The deep-
est part of the Northern Apennine chain is exposed in the tectonic window of the Alpi
Apuane ([1,29,30] and reference therein) (Figure 1), where two main tectono-metamorphic
units, the Massa and the Apuane, outcrop. The former, exposed in the western part, experi-
enced a higher degree of metamorphism and includes a Variscan basement and an upper
Permian–Upper Triassic cover [3]. The latter, metamorphosed to greenschist facies, consists
of a Paleozoic basement and metavolcanics of the early Permian age [31,32], unconformably
covered by a Triassic-to-Oligocene sequence. The metasedimentary succession begins with
Triassic continental to shallow-water deposits (Verrucano) followed by an Upper Triassic–
Lower Jurassic carbonate sequence consisting of metadolostone (Grezzoni), metabreccia
(Brecce di Seravezza), dolomitic marble, and marble. The sequence continues upward with
Lower Jurassic—Lower Cretaceous cherty metalimestones, cherts, and calcschists. During
the Lower Cretaceous–lower Oligocene, a progressive drowning of the carbonate platform
allowed the sedimentation of phyllites and calcschists with marble interbeds. The sequence
ends in the Oligocene–early Miocene with the deposition of turbiditic metasandstone
(Pseudomacigno) ([33] and reference therein).

The Alpi Apuane are surrounded and structurally overlain by the Tuscan Unit, a Late
Triassic–early Miocene carbonate and graywacke sequence, which experienced anchizonal
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metamorphism [3,34], and tectonically overlain by the non-metamorphic Ligurian Units
composed of Jurassic ophiolites and Jurassic–Paleogene sedimentary rocks. The structure of
the Alpi Apuane is commonly interpreted as being due to two main tectono-metamorphic
regional events: the D1 event, leading to a large-scale northeast-facing isoclinal fold
stacking at the metamorphic peak conditions [1,35], and the following D2, which was
responsible for the progressive uplift and exhumation of the dome-like structure and the
development of low-angle detachments [1–3]. The latest stages of D2 were associated with
high-angle brittle faults mainly localized at the boundary between the Alpi Apuane and the
surrounding Lunigiana/Versilia and Garfagnana tectonic depressions. Brittle deformation
within the metamorphic core is expressed by localized and low-displacement, high-angle
strike-slip to normal faults [3,36,37].

Monte Corchia is located in the southeast part of the Alpi Apuane Metamorphic
Complex. According to Carmignani and Giglia [38], the Mt. Corchia structure is the
result of a polyphase deformation during which an originally non-cylindrical eastward-
facing D1 overtuned syncline was refolded up to the present geometry, giving a locally
downward-younging direction.

Figure 1. (a) Location and geology of the study area ([39] modified). Red and green stars and yellow
circles represent the location of samples used for Apatite (U-Th)/He, apatite fission tracks, and Zircon
(U-Th)/He thermochronology ages, respectively [8]. (b) Simplified tectonic sketch of the Garfagnana
and Lunigiana valleys. (c) Galleria delle Stalattiti plan map ([40] modified). Circles and triangles
show the location of fluvial and calcite deposits, respectively. (d) Geological cross section between
A’ and A”. Dashed and continuous blue lines represent low-angle normal faults (LANFs) (former
thrusts reactivated as LANFs: see [3,41] for further tectonic information). The red dot represents the
Galleria delle Stalattiti (GdS) location.
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The most complete low-temperature thermochronologic study, based on apatite and
zircon fission tracks (AFT, ZFT) combined with apatite and zircon (U-Th)/He ages (AHE,
ZHe), derived exhumation rates and processes related to the Alpi Apuane tectonic his-
tory [8]. The study suggested that the earlier and late Miocene high exhumation rates (up to
>1.4 mm/year) can be interpreted as related to events of tectonic exhumation, whereas the
low exhumation rates (<0.6 mm/year) of the last 4 Ma may instead be due to predominantly
erosional exhumation.

2.2. The Corchia Cave System

The Corchia Cave system, more than 70 km long and about 1200 m deep, is mainly
carved in the Upper Triassic to Lower Jurassic carbonate core of the Mt. Corchia syncline,
confined by the phyllites and metavolcanics (Lower phyllites and Porphyroids, [42]) of
the Paleozoic basement. Structural surfaces have guided the cave development, so the
system is mainly elongated NW–SE and gently dipping to the SE, parallel to the syncline
axial surface [25] (Figure 1). The horizontal passages follow, therefore, the main syn-
metamorphic litho-structural surfaces of the metacarbonate core (Figure 1b), whereas most
of the vertical passages mainly developed along low-displacement high-angle faults and/or
fracture systems [26,43]. The Mt. Corchia groundwater network is drained mainly by a
spring located at 175 m a.s.l. that flows to the Ligurian Sea via the Vezza River [25,44]. The
cave system has 21 entrances at different elevations, the highest opening being close to the
top of the mountain (1678 m a.s.l.) at 1637 m a.s.l. Most of the horizontal or sub-horizontal
phreatic or epiphreatic cave passages are organized in different levels, the major ones
of which are at around 1400, 1100–1200, and 900 m a.s.l., and are connected by steep to
vertical passages [26]. This structure suggests different base-level stillstands, allowing the
development of three major sub-horizontal levels, interrupted by relatively faster lowering
of the base level. Local breakdown/collapse blocks and allochthonous fluvial sediments
are the prevalent clastic deposits in the cave.

Our study focuses on the sediments occurring in the GdS, a sub-horizontal passage
with floor elevation ranging between 860 and 870 m a.s.l. and vertically overlain by ~400 m
of rock (mainly phyllites of the Paleozoic basement). It is part of the lower of the three
abovementioned sub-horizontal major levels [26]. The gallery is partially filled by chemical
(speleothems) and clastic deposits both autochthonous (breakdown/collapse blocks) and
allogenic (due to stream transport). The latter are locally exposed along the sidewalls at
different heights with different extents and thickness.

3. Materials and Methods

To overcome the intrinsic variability of the hypogean environment, we studied the
GdS sedimentary section where stratigraphy is clear and continuous (~9 m thick and ~12 m
laterally extended). We collected six samples to study the thin-section grain composition
and to infer the possible source area of the allogenic recharge. The fluvial succession
was also sampled for paleomagnetism at eight different levels. We sampled the finer-
grain-size layers by collecting oriented samples for each stratum. At the laboratory, these
samples were further reduced to standard cylindric specimens. All the measurements
were performed at the Centro Interuniversitario di Magnetismo Naturale (CIMaN-ALP)
Laboratory (Peveragno, Cuneo). For each specimen, we measured the natural remanent
magnetization (NRM) using an AGICO JR6 spinner magnetometer. The specimens were
then step-by-step Alternating Field (AF)-demagnetized by an ASC D-2000 device up
to 100 mT. Isothermal remanent magnetization (IRM) acquisition and back field were
performed on one specimen for each layer.

4. Results

4.1. Clastic Sediment Stratigraphy

The studied sequence (Figure 2) is mostly composed of clastic material transported
and deposited by running water and lithified by calcite cementation. It directly lays on the
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carbonate bedrock and begins with a 1-cm-thick flowstone characterized by a very high
detrital content. This is overlain by 0.9 m of fluvial sediment consisting of alternations
of clast-supported conglomerate and medium- to fine-grained calcite-cemented arenite.
In several points, the conglomerate layers show clasts imbrication and erosional troughs.
The sequence continues with 5 m of centimetric to decimetric layers of arenite with calcite
cement, passing via erosive contact to a 1.5-m-thick, centimetric to decimetric well-rounded
heterometric conglomerate. An unconsolidated to partly consolidated 1.5 m layer of
breakdown breccia covers the conglomerate and closes the clastic sequence. It consists
of unsorted boulders and cobbles, with a prevalence of rock fall materials, ranging from
centimeter- to meter-size clasts and overlain by a few decimeters of unconsolidated carbon-
ate sand draping the irregular surface. A thin calcite flowstone, with several stalagmites
grown on it, overlays the succession paraconformibly.

 

Figure 2. Stratigraphic column of the studied fluvial section and its relationship with speleothems. Vertical axes are not at
scale, and the layer thickness is expressed by gray arrows.

At thin-section scale, the conglomerate has a fine carbonate matrix and sub-rounded
clasts consisting of mineral grains (calcite, quartz, mica, feldspar, and epidote), sandstone,
and metamorphic rocks. Sandstone clasts vary from medium to very fine in size and
are well sorted and sub-rounded. They comprise minerals (calcite, quartz, mica, chlo-
rite, feldspar, and oxides) and metamorphic and siliciclastic lithic components. Modal
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analysis carried out on sandstone samples and plotted on a ternary diagram (Figure 3a)
following Dickinson [45] show a clustering of samples in the litharenite zone. To better
understand the provenance of the detrital grains in the analyzed samples, we plotted them
in a Metamorphic-Volcanic-Sedimentary ternary diagram (Figure 3b). Most of the lithics
have metamorphic origin, but the presence of lithics of sedimentary origin is not negligible.

 

Figure 3. (a) Quartz-Feldspar-Lithic plot summarizing the sample compositions [45]. (b) Ternary diagram Metamorphic-
Volcanic-Sedimentary of the lithic grains in the analyzed samples: notable is the presence of grains of sedimentary origin.

4.2. Paleomagnetic Analysis

Examples of the results of the demagnetization behavior of the specimens are shown
in Figure 4a. The isothermal experiments confirm the occurrence of a low-coercivity phase
in each layer, saturated by applying 0.3 to 0.5 T fields. The coercivity is mostly around
20 mT. This indicates that the main remanence carrier is magnetite. The intensity of the
magnetization is rather low, ranging from 1 × 10−4 to 1 × 10−2 Am−1, but mostly of
ca 3 × 10−3 Am−1 (Figure 4b). Zijderveld diagrams [46] reveal the occurrence of two
magnetization components, one of low stability, removable by applying a field of 10 to
15 mT and interpreted as a viscous component, and a high-stability component of both
normal and reverse polarity, pointing to the origin of the diagram and interpreted as
the Characteristic Remanent Magnetization (ChRM) (Figure 4c). The ChRM quality is
expressed by the maximum angular deviation (MAD), which mostly ranges from 4.5 to
16. In the layers with low magnetization intensity (of the order of 10−4 Am−1), MADs
show higher values of around 20 to 25. Although these values are large, they have been
considered acceptable because in the Zijderveld diagrams it is still possible to recover
the magnetic polarity [47]. The mean magnetic polarity was computed using Fisher’s
Statistics [48]. The normal magnetic polarity is D = 357.2◦, I = −43.4, alpha95 = 28.2◦, Virtual
Geomagnetic Pole (VGP) Lat N 71◦, Long E 198◦; its confidence limit is very high due to
both the small number of normal polarity observations (n = 10) and the large dispersion of
declinations. The mean reverse polarity is D = 186.6, I = −41.7, alpha95 = 11.6◦, VPG Lat S
69◦, Long E 173◦ (Figure 5).
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Figure 4. Examples of the magnetization behavior of reversed (first two rows) and normally polarized (last two rows) speci-
mens during Alternating Field (AF) cleaning. For each specimen: (a) the decay of the normalized magnetization intensity
versus the applied field; (b) the Zijderveld diagrams (black/white dots are declination/apparent inclination, respectively);
and (c) equal-area projection of magnetic direction (black/white dots are positive/negative inclination, respectively).
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Figure 5. Paleomagnetic record. From left to right: polarity succession, latitude of the Virtual
Geomagnetic Pole (VGP), magnetic Inclination and declination.

5. Discussion

5.1. Speleothem Ages

The Corchia Cave and, in particular, the GdS have been the object of wide-ranging
paleoclimate research for the past 20 years [49–60]. Tens of speleothems have been dated,
with more than 400 very precise radiometric ages [54,61]. The calcite of speleothems from
the GdS has two important qualities: it is exceptionally free from detrital components,
and it is rich in uranium content. In its deepest part, the GdS is overlain by about 400 m
of rock, so the seepage water responsible for speleothem formation has lost most of its
detrital load, leading to the precipitation of exceptionally pure calcite. The Brecce di
Seravezza formation probably is the main source of the relatively high uranium content
that allows very precise radiometric dating using both conventional U-series and the more
novel U-Pb techniques [62,63]. Among the hundreds of ages obtained until now, the oldest
comes from CC16, one of the stalagmites topping the described succession. The bottom
of the stalagmite has been dated by Woodhead et al. [63] at 1.054 Ma (2σ = 0.024) using
a methodology that allows producing U-Pb ages of high quality. Moreover, in the lower
section of this gallery, a small and shallow lake, with walls covered by calcite flowstones,
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is present. On the floor, the CaCO3 deposition has formed a subaqueous drapery with
a cave-cloud shape, with lily-pad structures created where calcite crystals grow radially
from projecting substrata. U-Pb dating shows that the basal age of the subaqueous calcite
deposit reaches 0.967 + 0.018/−0.006 Ma [59].

5.2. The Galleria Delle Stalattiti (GdS) Evolution

Reconstructing the evolution of the GdS requires considering some uncertainties.
A chronological interpretation of cave sedimentation is often complex. Waterways can be
continuously obstructed and reopened, the sedimentation rate can be extremely variable,
and deposits can be diachronous.

According to our stratigraphic and chronological reconstruction, the GdS was firstly
formed as a phreatic tube, whose original morphology is preserved in the ceiling shape.
Successively, the tube was affected by downcutting in epiphreatic to vadose conditions.
Deposition is probably related to the transition from phreatic to vadose conditions and
to a phase with high-solid-load transport. The grain sizes of the fluvial deposits and the
occurrence of erosional surfaces testify to changes in water energy that could have also a
climatic meaning. Otherwise, the fluvial deposits facies testify to a transition from low-
to high-energy sediments (sand to pebble and gravel) progressively filling the passages.
An increase of energy in the stream regime is also marked by the upper erosional surface of
carbonate arenite, followed by coarse conglomerate deposition. A subsequent depositional
phase, which was concurrent with widespread roof breakdown, was followed by an ero-
sional phase cutting the entire sequence. A phase of calcite precipitation topped the detrital
succession with a thin flowstone and stalagmites at least since 1.05 ± 0.2 Ma [63]. After
the erosive phase ended, a small lake formed at the bottom of the gallery, where subaque-
ous speleothems have been growing directly on the rock substratum since ~0.97 Ma [59],
indicating the definitive interruption of vadose flow.

The age of the carbonate arenite in the GdS can be constrained by coupling paleomag-
netic data from fluvial deposits and radiometric ages from speleothems. At the base of
the deposits, the magnetic zones (Figures 2 and 5) start with a reversed polarity record
(older deposition phase: layer 9) followed by a normal polarity record (layers 8 to 5) and
then by a reverse polarity record at the top (younger deposition phase: layers 4 to 1).
Stalagmite CC16 caps the stratigraphic succession, providing an age of 1.05 Ma [63]. This
means that the fluvial deposition reasonably started within the Matuyama Chron before the
Jaramillo subchron (1071–991 ka), [64]. During the Matuyama, several short geomagnetic
reversal events have been documented (see [64] and reference therein for details). Many
of these are still controversial because defining the occurrence of a short reversal requires
a high-precision reconstruction of a paleomagnetic field, which is dependent upon the
temporal resolution of the archives and the geological constraints. Besides, not all the
reported reversals have been recorded at all studied sites (see [65] for details). For these
reasons, we have considered only the events reported by Simon et al. [64]. These have been
detected by the relative paleo-intensity (geomagnetic dipole moment low) and Be-ratio
records, and are commonly reported in the literature [65,66]. We identified three different
events/subchrons that could match the normal polarity record from layers 8 to 5 in the
cave sediment, namely the Cobb Mountains (1176/1204 ± 5 ka), the Gandar (1459 ± 9 ka),
and the Gilsa (1587 ± 8 ka). This means that the fluvial deposition started at least before
the normal Cobb Mountains subchron zone in the Matuyama reverse epoch, dated at
about 1.2 Ma [64]. A local base-level fall may have occurred during the following reverse
subchron prior to 1.05 Ma, causing the incision phase that cut the sediments underlying
the CC16 stalagmite; this erosion phase had already expired at ~0.97 Ma when the lake had
formed, and the calcite deposition took place. Since ~1 Ma, the scenario probably remained
unchanged, as testified by the continuous and undisturbed deposition of the subaqueous
speleothem [59]. The time lapse occurred between the end of the clastic deposition and the
beginning of CC16 formation is unknown: the most conservative hypothesis is to consider
this interval negligible.
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The clastic deposition within the GdS probably occurred when this horizontal passage
was close to the local base level. Furthermore, the erosion of coarse fluvial deposits requires
a hydraulic gradient, therefore implying that the GdS was above local, and even more above
the global base level, before speleothem formation, but its past real elevation is unknown.
Presently, the base level of this karst system is at 175 m a.s.l., in the Vezza River valley, close
to the contact between the Paleozoic basement and dolostone, that is, ~700 m below the
present GdS elevation. The presence in the Corchia Cave system of relict phreatic passages
at ~1600 m a.s.l. [67], that is, ~700 m above the GdS, implies that during GdS formation,
there were at least 700-m-thick previously exhumed rocks. In summary, radiometric and
paleomagnetic data indicate that at least by the Early Pleistocene (1.6–1.2 Ma), fluvial
sediments were deposited in the GdS, indicating that this portion of Mt. Corchia was
necessarily above the sea level at that time.

5.3. Exhumation/Uplift History from Thermochronological Dating for the Alpi Apuane

Since the first application of thermochronologic methods in the Alpi Apuane [68],
various authors have tried to derive exhumation and rock-uplift rates from them [4–8].
Most of these authors agree on an exhumation rate ranging from 1.3 to 1.8 mm/year
between about 6 and 4 Ma (late Miocene–early Pliocene), followed by a lower rate ranging
from 0.6 to 0.9 mm/year, since early Pliocene to the present (Table 1).

Table 1. Summary of the Alpi Apuane exhumation rate estimated in previous studies.

Ages Exhumation Rate mm/Year Method Reference

6–4 Ma 1.4 [8]
4–0 Ma 0.6 AFT, ZFT, AHe, ZHe [8]
6–4 Ma 1.3–1.8 AFT [7]
4–0 Ma 0.6–0.9 AFT [7]

middle Pliocene 0.8 AFT, AHe, ZHe [6]
6–2 Ma 0.8–1.7 AFT, ZFT [5]

AFT: Apatite Fission Tracks; ZFT: Zircon Fission Tracks; AHE: Apatite (U-Th)/He; ZHe: Zircon (U-Th)/He.
The ages represent the time periods relevant to the exhumation rate estimates.

Fellin et al. [8] suggested a high exhumation rate (>1.4 mm/year) during the late
Miocene, followed by a decrease to ≤0.6 mm/year in the Pliocene. The only inconsistency
with this interpretation, as noted by the authors, is related to some samples of a small
region in the easternmost Alpi Apuane (i.e., Fornovolasco area, 7 km east of our studied
site; see Figure 1) where AFT ages as young as 1.9 Ma were obtained [5]. Close to Mt.
Corchia, AFT ages of around 3.8 Ma are reported [8]. The difference in age between the data
at Fornovolasco and the data west of Mt. Corchia could either indicate a real differential
exhumation or it could relate to overscatter of the data. As clearly shown in Figure 1a,d
(see also [2,31,69,70]), no first-order high-angle faults with a high displacement throw
(hundreds to thousands of meters) occurs just east of Mt. Corchia, justifying a significant
differential uplift. No splitting of the metamorphic core in two sub-domains—Mt. Corchia
in the west and Fornovolasco in the east—is also feasible, and therefore a differential
exhumation history between them may be ruled out.

Notably, the highest of the three horizontal/sub-horizontal levels of the Corchia Cave
system, about 500 m above the GdS, hosted the CC17-f2 stalagmite dated by Engel et al. [71]
about 1.9 Ma. This age testifies a Corchia karst system well developed, at least in its
higher part, with galleries already formed and speleothems growing. This scenario is
inconsistent with AFT ages of about 1.9 Ma, indicating a depth of at least 3000 m just a
few kilometers far. On this basis, we exclude the AFT ages from Fornovolasco and we
consider only the AFT ages derived from the nearby Paleozoic rocks [5,8], west of the
Corchia Cave, as representative of the whole Mt. Corchia area and of the eastern side of
the Alpi Apuane core.
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5.4. Rock Uplift Rates from Cave Evolution and Hypogean Deposits

Rock uplift rates can be inferred from exhumation rates, assuming that uplift triggers
a similar denudation rate at regional scale. Otherwise, cave system evolution can furnish
a reliable indication of the lowering rate of the local base level, which is usually strictly
dependent on river incision. So, also in this different approach, we must presume that
river incision acts as a quick-response process to tectonic uplift. These assumptions are
quite acceptable in mountain regions, where surface processes are very active and the
erosion rate is usually higher than uplift rate. Despite this intrinsic uncertainness of the two
approaches, a rough estimate of uplift rates can provide useful information to reconstruct
the tectonic dynamics of a mountain range.

We use the new chronological data for the GdS combined with the available ther-
mochronology data to provide revised estimates of the uplift rates of this sector of the
Alpi Apuane since the late Pliocene. The approximations previously discussed imply that
the rates we are going to propose could underestimate the true uplift rate. For all these
reasons, hereafter, we refer to the uplift rate computed between the closure of the apatite
geothermal system and the deposition of CC16 as a minimum uplift rate. We take as major
local constraints (i) the U-Pb speleothems ages; (ii) the magnetostratigraphic chronologies
considering the three possible normal subchrons older than 1 Ma (Cobb Mountain, Gardar,
Gilsa; Table 2); and (iii) the gallery morphology and the reconstruction of the cave infill
phases (see Table 2).

Table 2. Ages used to estimate the uplift rates.

Sample Present Elevation (m a.s.l.) Age (Ma) 2σ Dating Method Lithology Formation Unit Reference

CD3 870 0.97 0.010 U-Pb Subaqueous flowstone [59]
CC16 875 1.05 0.024 U-Pb Stalagmite [63]

CO5-8 865–874 1.176/1.204 0.005 Paleomagnetic chronology
Cobb Mountain Hypogean deposit This work (using [64])

CO5-8 865–874 1.459 0.009 Paleomagnetic chronology
Gardar Hypogean deposit This work (using [64])

CO5-8 865–874 1.587 0.005 Paleomagnetic chronology
Gilsa Hypogean deposit This work (using [64])

CP1 675 3.93 0.36 AFT Phyllite Paleozoic basement [5]
CP3(4) 650 3.64 0.71 AFT Phyllite Paleozoic basement [5]

Considering the ages of the GdS deposits, the minimum local base level allowing
gallery formation and fluvial sediment infilling, and the AFT closure depths (i.e., the depth
of the 110 ◦C isotherm), a minimum rock uplift rate can be inferred from late Pliocene to
Early Pleistocene.

To obtain a more reliable estimate, we must consider that at the time of GdS filling
deposition, the rock where samples for AFT analysis are located were still buried below
a thickness of rock successively eroded (Figure 6). In the simplest hypothesis that valley
slopes have maintained a constant profile, this thickness should be of the same order of
the valley incision and so of the base-level lowering, that is, ~700 m. Considering that
the most elevated sections of the Alpi Apuane ridge consists of carbonate formations, we
can suppose a slower denudation rate for summit areas and consequently a progressive
increasing of slope gradient due to river incision. In this more realistic framework, the
residual burial over AFT-dated rock samples at GdS deposition time would be around
500 m (see Figure 6). In other words, exhumation/uplift rates from the time of AFT closure
to GDS sediment formation must be calculated on a thickness that is roughly 500 m lower
than that calculated based only on geothermal gradients.
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Figure 6. Schematic representation of the geomorphic evolution of Mt. Corchia in the last 1.2–1.6 Ma, considering the
hypothesis that valleys were affected by an erosion rate higher than carbonate ridges.

We have estimated the exhumation/uplift rates considering two different geothermal
gradients, 25 ◦C/km and 30 ◦C/km, and three hypothetical ages for basal GdS sediments,
~1.2, ~1.5, and ~1.6 Ma, obtaining rates ranging from ~1.6 to ~1.1 mm/year (Table 3).

Table 3. Rock uplift rates of Mt. Corchia constrained by AFTs (from [5]) and the magnetostratigraphic dating.

Minimum Rock Uplift Rate from Closure AFT to GdS Clastic Deposition
Maximum Rock Uplift Rate from GdS

Clastic Deposition to Present

Geothermal Gradient 25 ◦C/km Geothermal Gradient 30 ◦C/km
Subchrone Age (Ma) (mm/year) (mm/year) Subchrone (mm/year)

Cobb Mountain 1.2 1.3 1.1 COBB MNT 0.6
Gardar 1.5 1.5 1.2 GARDAR 0.5
Gilsa 1.6 1.6 1.3 GILSA 0.4

The phase of clastic deposition in the GdS was followed by a relative lowering of the
local base level, which was responsible for an erosive phase cutting throughout the entire
fluvial deposits until the carbonate bedrock. The migration of the cave stream toward lower
passages allowed the formation of the Laghetto basso, a small pool mostly fed by dripping,
where subaqueous speleothems have been continuously growing during about the last
million years. This suggests that during this time, the uplift of the area was uniform, with
no significant changes that could have disturbed or interrupted the seepage patterns and
the lake feeding.

Moreover, assuming that a minimum hydraulic gradient was present during cave
filling and considering the modern elevation of the sampling site at ca. 870 m a.s.l.,
the maximum uplift rate in the last 1.2–1.6 Ma in the Corchia area is estimated around
0.4/0.6 mm/year (Table 3). These values agree with the Middle–Late Pleistocene incision
rates estimated by Piccini et al. [20] in the nearby Frigido River basin and with the vertical
component of motion derived for the area by Bennett et al. [72] using the Common-mode
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Signal Reduced time series of GPS networks and consistent with an uplift mainly driven
by erosion.

5.5. Sediment Sources

Petrographic analysis and lithic components of the sampled fluvial deposits furnish
information about the sediment sources. The presence of Paleozoic basement and marble
clasts, as well as of other minerals typical of the Corchia area, indicates that at least a part
of the source rocks would have been in a catchment area very close to the deposition site.
Notably, non-metamorphic sandstones are also present as lithic components (Figure 3a,b),
despite the absence of such rocks in the areas surrounding Mt. Corchia at the present
time (Figure 1a,d). Alluvial infilling with pebbles of non-metamorphic rocks was already
described by Piccini [26,67,73] in the higher levels of the Corchia system and dubitatively
attributed to remnants of Ligurian Units in the catchment area during their deposition.
Looking at the regional geology, non-metamorphic sandstones are present in the Tuscan
Unit and the Ligurian Units or as secondary sediments in Neogene deposits. Presently,
the closest outcrops of these units are several kilometers far from the Corchia Cave and
at lower elevations than the upper entrances of the karst system. Consequently, the
source of the studied deposits had to be completely removed (see Figure 1a,d) during the
erosion-mediated exhumation of the metamorphic units activated by high-angle normal
faulting that started in the region 4–5 Ma (e.g., [8,37]). We can so suppose that the allogenic
components of sediment deposed in the GdS derive from the erosion of these materials
deposed in the higher levels of the karst system during a previous deposition phase.

A schematic reconstruction of the Corchia Cave system and its catchment area devel-
opment, from 2.5 Ma to the present, is proposed in Figure 7. AFT constrain the Apuane
Metamorphic Complex, as covered by the Tuscan and Ligurian Units already juxtaposed
by low-angle normal faults (LANFs) [3,41] still at a depth of 3.5–2.8 km (with a 25 ◦C or
30 ◦C geothermal gradient, respectively) at about 3.8 Ma. The Apuane metamorphic core,
including the zone hosting the Corchia Cave system, rose from depth to surface with at least
three significant stillstand phases, as testified by the three major horizontal/sub-horizontal
levels of galleries at around 1400, 1200–1100, and 900 m above the present sea level [26], the
higher of which was carved, and partially filled by alluvial sediments of non-metamorphic
carbonate sandstone [26], before 1.9 Ma [71]. This testifies that before that time, surface
waters were drained through the Corchia system coming from a catchment area partially
formed by the Tuscan and Ligurian Units overlaying the metamorphic ones. This presently
eroded shallow crustal section fed the cave fluvial deposits. The lowest of the main levels,
where the GdS is found, was carved at least before ~1.6–1.2 Ma, when the deposition of
the alluvial sediments occurred. Afterward, the base-level lowering led to stream erosion
of the hypogean infill until the basal bedrock. The development of the small lake with
submerged speleothems growing continuously since ~1.0 Ma testifies to the stability of this
cave sector and possibly a continuous, uniform uplift in the area.
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Figure 7. Schematic model showing the proposed chronology of the Corchia Cave system evolution and Alpi Apuane
uplift over the last 2.5 Ma based on hypogean radiometric and paleomagnetic analyses and AFT thermochronology from
the literature (Figure 1 and Table 2). 2.5 Ma: the highest of the sub-horizontal passages of the Corchia Cave system were
already carved, while epigean streams sank and fed the sedimentary deposits with material eroded from metamorphic and
non-metamorphic units. The AFT data locations are still buried at about 1.5 km depth. 1.2–1.6 Ma: the two higher karst
levels of the Corchia Cave were completely developed, the lowest one was already carved near the base level, and the clastic
infilling was occurring in the GdS. Present: the GdS is at about 870 m a.s.l., and a new phreatic level is forming around the
modern base level.

6. Conclusions

Using robust dating from independent hypogean deposits in the Corchia Cave, we pro-
vide new information about the tectonic uplift of the Alpi Apuane since the lower Pliocene
to the present. In particular, the evolution of the GdS is reconstructed by combining
morphology observations, radiometric ages from speleothems, and magnetostratigraphic
records from fluvial hypogean deposits (Figure 7). The ages suggest the GdS was carved
as a phreatic tube and successively filled by fluvial deposits before the beginning of one
of the normal subchrons comprised within the Matuyana reverse epoch, that is, about
~1.6/1.2 Ma ago. Between 1.6/1.2 and 1.0 Ma, a strong erosive fluvial phase testified for a
local base-level lowering. This phase ended before 1.0 Ma, when the continuous and undis-
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turbed deposition of subaqueous speleothems began. Based on these data, we estimate a
minimum rock uplift rate of the Alpi Apuane since the late Pliocene to Early Pleistocene
(1.6/1.2 Ma) of ~1.6/1.3 and 1.3/1.1 mm/year (for 25 and 30 ◦C/km geothermal gradient
values, respectively). This phase was followed by a decrease to ~0.4/0.6 mm/year, in good
agreement with the modern vertical velocity estimated by Bennett et al. [72] from continu-
ous GPS station analysis (0.5 mm/year) and congruent with rock uplift driven mainly by
erosion. The overall tectonic implications of these new estimated exhumation rates and
rock uplift are outside the scope of this paper. Nevertheless, we would like to highlight the
relevance of tectonics and of a high exhumation rate until the Early Pleistocene (not the
Pliocene, as previously assumed) with a decreasing rate since at least 1 Ma. Further works,
considering in a regional perspective thermochronologic ages and other constrains as
hypogean deposits or stable oxygen isotope paleoaltimetry (e.g., [73]), will allow a better
understanding of the vertical movements that affected the Apennine chain.

The petrographic study of the fluvial sediments highlights the presence of lithic
components sourced from rocks no longer present in the modern Corchia catchment
area. This implies an inversion of relief probably occurred during the Early Pleistocene,
suggesting that the Corchia allogenic catchment area was a valley floor draining material
from a cover since eroded. During an erosion-mediated exhumation history, probably
activated by high-angle normal faulting, the carbonate valley floor became a ridge, as is
the case in the present landscape. Further investigations in the higher cave levels could
improve time constraints, allowing a more detailed reconstruction of tectonic uplift versus
stillstand phases during the Pliocene–Early Pleistocene. Our results thus highlight the
importance of several independent proxies for estimating exhumation or rock uplift rates
in orogenic settings, because this process, even over time spans of less than 5 Myr, is not
steady state. A comprehensive study of hypogean sediments in old karst terrains, coupled
with dating, could therefore provide helpful tools to better understand and constrain the
exhumation history of recent and active mountain belts.
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Abstract: Based on the review of the available stratigraphic, tectonic, morphological, geodetic, and
seismological data, along with new structural observations, we present a reappraisal of the potential
seismogenic faults and fault systems in the inner northwest Apennines, Italy, which was the site,
one century ago, of the devastating Mw ~6.5, 1920 Fivizzano earthquake. Our updated fault catalog
provides the fault locations, as well as the description of their architecture, large-scale segmentation,
cumulative displacements, evidence for recent to present activity, and long-term slip rates. Our work
documents that a dense network of active faults, and thus potential earthquake fault sources, exists
in the region. We discuss the seismogenic potential of these faults, and propose a general tectonic
scenario that might account for their development.

Keywords: active faults; earthquakes; inner northwest Apennines; current deformation; satel-
lite geodesy

1. Introduction

Earthquake data, including instrumental and historical earthquakes, are critical infor-
mation to constrain seismic-hazard assessment [1–4]. However, these data cover periods
of time that are generally much shorter than the recurrence times of large earthquakes
(i.e., with Mw ≥ 6.0) on a given fault and regionally, especially in areas of low deformation
rates [5–7], as is the case in Italy. Paleoseismological data [8] may complete and comple-
ment the seismic catalogs, but paleoseismological studies are generally difficult to conduct
extensively—as is the case in Italy at the present moment—and they generally recover
partial information on the past earthquakes. Nevertheless, earthquakes result from the
rupture of tectonic faults that are generally long-lived features, and it has been shown that
documenting these long-term faults provides critical insights to anticipate some of the
properties of the large earthquakes these faults may produce in the future [5,6,9]. On the
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other hand, identifying where seismogenic faults are in a region is key to anticipate where
earthquakes might occur in the future (e.g., [9]).

Faults have intrinsic properties, such as a 3D overall architecture, a lateral segmenta-
tion of their principal trace, a certain degree of structural maturity, a given average slip
rate, etc., and these properties have been shown to control, at least partly, the earthquake
behavior [10–12]. In particular, the fault structural maturity, which relates to the fault slip
longevity and rate over geological time, markedly impacts the geometrical and mechanical
properties of the fault, which in turn controls the earthquake rupture size (rupture length
and slip amplitude) and “energy” (i.e., stress drop); the more immature a fault, the greater
its capacity to produce large stress drop, and hence highly damaging earthquakes [11,13,14].
Therefore, identifying seismogenic faults in a given region and documenting their general
properties (lateral segmentation, connection to other faults, cumulative displacements, slip
rates, etc.) constitutes a fundamental basis to implement and improve the seismotectonic
models that are used as input for seismic hazard estimates [9].

In the present study, we conduct this work in the inner northwest Apennines region
of Italy. That region was the site, one century ago, of a major devastating earthquake, the
1920 Fivizzano event, the magnitude of which is estimated at Mw 6.5, similar to that of
the dramatic main shock of the 2016 Central Italy earthquake sequence [15]. This region
also hosted several other moderate to large historical earthquakes over the last few cen-
turies. Despite the occurrence of all these earthquakes, the Italian database of seismogenic
structures (DISS-INGV) [16] includes only two seismic sources in the whole region. We doc-
ument here that many more potential earthquake fault sources exist in the region (some
are referred in the Ithaca fault catalog, ISPRA [17]), and should be taken into account in
seismic-hazard evaluation.

Based on a comprehensive review of the available geological, tectonic, chronological,
morphological, geodetic, and seismological (instrumental and historical) data for the inner
northwest Apennines, along with new tectonic data from our own work, we present a
reappraisal of the active or possibly active seismogenic faults and fault systems in the
internal Apennines north of the Arno river. Our updated fault catalog provides the
fault locations, as well as the description of their architecture, large-scale segmentation,
cumulative displacements, evidence for recent to present activity, and long-term slip rates.
It also includes the offshore domains of the northern Tyrrhenian coast so far ignored in
previous compilations [16,17]. Our work eventually allows us to discuss the seismogenic
potential of the identified faults, while proposing a general tectonic scenario accounting for
these faults.

2. Main Structural Domains in the Northern Apennines

The northern Apennines (Figure 1) are the result of the Neogene subduction of the
Adria continental crust and the overlying remnants of a former intraoceanic accretionary
wedge [18–20]. The latter is represented by the so-called Ligurian and sub-Ligurian units,
which may be observed superimposed to the Tuscan and Romagna–Umbria continental-
derived cover and basement of the distal to proximal Adria margin [18–21]. After the
inception of the continental subduction during the Oligocene, parts of the Adria continental
margin were imbricated and incorporated into the orogenic wedge at a shallow crustal
depth (e.g., the Tuscan Nappe), whereas other portions were underplated at deeper crustal
levels (e.g., the Tuscan Metamorphic units) and lately exhumed at the surface within
tectonic windows in the internal, Tyrrhenian side of the orogen [19–21].

The Neogene-to-recent tectonic evolution of the Apennines has been characterized by
contractional tectonic activity in the foreland, accompanied by extension in the internal
domain [22–24]. This deformation has produced a great density and variety of fault systems
with different kinematics, which may be seen as defining different morphostructural
domains (Figure 1), as described below [25–29].
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Figure 1. Simplified geological and structural map of the northern Apennines emphasizing the Neogene tectonics in the
investigated area. Structural domains (SDs) discussed in the paper are shown in the Google Earth inset. AA: Alpi Apuane;
LEF: Livorno–Empoli Fault; MG: Mt. Gottero; MP: Mt. Pisano; TAL: Taro Line. TAL and LEF bound the region of study.
Offshore sediment thickness are after [30,31], and earthquakes and focal mechanisms are from the INGV archive [2,32].

The major fault systems in the external domain are the contractional fronts, divided
into the northern Apennines Deformation Front (ADF) and the Apennines Range Front
(ARF). The northeast Apennines Deformation Front is presently primarily buried beneath
the Po Valley and extends offshore in the western Adriatic Sea [23,24,28,29]. Recent seis-
micity, including the 2012 Emilia Mw 5.9 thrust earthquake [4,33], along with geomorphic
studies [29], clearly show that folding and thrusting associated with the ADF are currently
active. The Apennines Range Front [25,27–29] lies some 60 km to the southwest of the ADF.
The ARF front is marked by a transition from gently dipping alluvial strata in the Po basin
to uplifted bedrock in the Apennines, presently standing up to 2000 m above the Po plain
near the orographic divide. Different authors have provided evidence that the topography
of the range front represents the forward-dipping limb of an anticline overlying a fairly
steeply dipping blind reverse fault [29,34]. Similarly to the ADF, the ARF is currently
active, as documented by GPS measurements of ongoing crustal deformation [25] and
instrumental seismic activity including some recent moderate earthquakes, such as the
1983 Mw 5.0 “Parma” and the 2003 Mw 5.2 “Monghidoro” thrust ruptures [1,2,4,35,36].
Historical earthquakes are also reported on the ARF, such as the 1501 Mw 5 “Modenese”,
the 1547 Mw 6 “Reggiano”, and the 1688 Mw 5.8 “Romagna” earthquakes [37].

The inner Apennines are characterized by a lower frequency of earthquakes, yet of
significant magnitude, with most of them showing a normal faulting slip mode. Among the
several large earthquakes that have occurred in the region, there are the 1542 and the 1919
“Mugello” events (Mw 6.0 and Mw 6.4, respectively), the 1584, 1661, 1768, and 1918 events in
the “Forlivese” region (all ~ Mw 6), and the 1920 ~Mw 6.5 Fivizzano earthquake [35,37,38].
This latter earthquake will be discussed in some detail in the following.
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3. Faulting in Main Morphostructural Domains

The characteristics of the faults described in this section are summarized in Table
S1. The fault and geological maps described below are derived from the combination of
available studies to which we refer, and from our work.

The study area extends over more than 6000 km2 on the Tyrrhenian side of the
northern Apennines (Figure 1). From a morphostructural point of view, it is limited by the
main Apenninic orographic divide to the east/northeast, and by the northern Tyrrhenian–
Ligurian Sea to the west/southwest. More precisely, the northern boundary of the region
coincides with an alignment of reliefs with a transversal, nearly east–west trend bounding
the Taro valley, whereas to the South, the region is bounded by the shallow hilly reliefs
between Livorno and Empoli (Figure 1).

These northern and southern boundaries represent the surface expression of crustal/lithospheric
discontinuities [39,40], corresponding to the westernmost part of the Taro Line (TAL) to the
north [18,41–44] and to the westernmost part of the Livorno–Sillaro Line [45–47], called the Livorno–
Empoli Fault (LEF in Figure 1), to the south. The Taro Line, already recognized in early studies
(refs. in [39,41,42,48]), has been described in different contributions due to its prominent morphologi-
cal signature [41–43] and seismic activity [4,35,49]. In the most recent interpretations, its westernmost
segment, within our region of interest, is associated with a lateral ramp of a basement thrust, named
the Taro lateral ramp, that would accommodate a NE–SW crustal shortening [42–44,50]. On the
other hand, the Livorno–Empoli Fault coincides with a significant lateral change in the thickness of
the crust, with the northern Tuscany crust being ~28 km thick north of the fault and ~20 km thick
south of it [47,51,52]. The geology also changes across the LEF, with the base of Late Miocene marine
basins exposed at the surface south of the fault (in the southern Tuscany Tectonic Province), while the
same horizons are buried in the subsurface north of it (e.g., in the Viareggio basin). Both the Taro
Line and the Livorno–Empoli Fault are associated with well-documented deformations within the
Neogene–Quaternary deposits [44,46,47]. Their activity is still ongoing, as attested by historical and
instrumentally recorded seismicity [49,51,52] (Figure 1).

In between the TAL and LEF, first-order physiographic and structural features allow
the definition of six principal structural domains (SDs) (Figure 1). These are related to a set
of ranges with a dominant NW to NNW trend (Apenninic trend) separated by intramontane
or continental/marine morphotectonic depressions. The division into domains mainly
aims to simplify their description.

The structural domain SD1 is bounded toward the Apenninic divide by the upper
Lunigiana and Garfagnana grabens, which form the structural domains SD2 and SD3
to the north, and by the Lucca plain and the Montecarlo–Vinci hills (structural domain
SD4) to the south. West of SD1 in the southern part of the Alpi Apuane–Mt. Pisano, the
structural domain SD5 corresponds to the Versilia and Pisa plains, which are parts of a
major submarine half-graben, the Viareggio basin. The latter grades northward to the
structural domain SD6, a mixed on-land/offshore domain hosting the Vara Valley–lower
Lunigiana tectonic depressions and the western promontory of La Spezia. Plio-Quaternary
stratigraphic units form the sedimentary filling of the intramontane or continental/marine
domains in all these zones (Figure 2). These Plio-Quaternary sedimentary records will be
used to document the neotectonic activity of the principal faults and systems in each of the
six structural domains.
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Figure 2. Schematic frame and correlations of continental–marine Plio-Quaternary sedimentary successions in the different
structural domains described (MGV and MAC mean Magra Valley and Macigno-rich conglomerates, respectively).

4. Plio-Quaternary Stratigraphic Units, Fault Systems, Time of Activity
and Displacements

4.1. Structural Domain SD1: The Mt. Gottero–Alpi Apuane–Mt. Pisano

The present-day large-scale geomorphology of the structural domain SD1 is dominated
by the sharp relief of the Alpi Apuane (AA in inset of Figure 1), with its highest summits
(~2000 m) only a few kilometers away from the Tyrrhenian coastline. North of the Alpi
Apuane, the relief reaches ~1600 m on Mt. Gottero, whereas to the south Mt. Pisano
stands at an elevation of ~900 m. The metamorphic units of the Alpi Apuane and the
southernmost Mt. Pisano have been the object of low-temperature thermochronological
investigations [53,54], which constrained the latest stages of exhumation as occurring in
the last 4–5 myrs. This exhumation is taken to have resulted from erosion associated with
normal faulting along the steep bounding faults (Figure 1) separating the exposure of
the metamorphic rocks from the surroundings [50,54]. The estimated exhumation rates
are about 0.5–0.8 mm/yr [54,55]. Within this SD1 domain, few remnants of continental
deposits of Pleistocene (or Middle Pleistocene?) age (Figure 2) may be found locally, at an
elevation of ~1000 m in the southeast Alpi Apuane [56,57].

4.2. Structural Domain SD2: Upper Lunigiana

Structural domain SD2 includes the upper Lunigiana, a valley hosting the upper
course of the Magra River (Figure 3). Continental stratigraphic sequences are observed
in the northwest part close to Pontremoli and in the central-southeast area close to
Aulla (Figures 2 and 3). The deposits in these two areas show the same sedimentary evolu-
tion with a transition from fluvio-lacustrine to fluvial environments, and a diachronous
sedimentation (Figure 2).

In the southernmost sector, the Aulla clays, with an estimated thickness of 70–80 m [58,59],
mainly consist of fine-grained lithofacies, with medium to thick coarse-grained interbeds
of sandstones and conglomerates. The overlaying coarse-grained Collecchia conglomerates,
interpreted as alluvial fan deposits formed in a braided fluvial environment, directly cover the
bedrock in the marginal zone of the former basin and overlay the Aulla clays in the depocentral
area, where they show a thickness of ~150 m [58,59].
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Figure 3. Main fault systems and geology in structural domain SD2 (Lunigiana). The map is derived
from [57–60] and our work. Fault identification numbers are as reported in Table S1. HAF: steep
normal faults (thicker lines for those described); LANF: low-angle detachment faults; Ar: Arzengio;
Au: Aulla; Ba: Bagnone; Co: Comano; Col: Coloretta; Com: Compione; Cs: Castagnola; Fiv. Fivizzano;
Gr: Groppodalosio; Li: Licciana; Mont: Montereggio; MtL: Mt. Lupacino; O: Olivola; Pa: Parana;
Po: Podenzana; Pont: Pontremoli.

The Olivola conglomerates unconformably overlay the Collecchia conglomerates and
are only preserved close to the Olivola village. The sequence starts with clay–sandy deposits,
containing the Olivola mammals remains of Late Villafranchian age [59–62], followed by
clast-supported and well-cemented conglomerates and sandstones (Figures 2–4). The con-
glomerates, with a thickness of about 60 m in the type-area, include clasts of metamorphic
rocks belonging to the Tuscan metamorphic units.

The sequence exposed close to Pontremoli starts with a ~10 m thick polygenic conglom-
erate followed by the Case Corvi clays, which mainly consist of blue-grey clays and silty
clays with lignite fragments, grading to sandstones and conglomerates, which become more
abundant and coarser-grained in the upper portion. The land fossil remains and pollen in
the finer-grain deposits allow attributing the unit to the Late Villafranchian [63–65].

The following Dozzano conglomerates mainly consist of coarse-grained sediments and
subordinate lenses of sandstones and clays. The sequence, etheropic with the Case Corvi
clays, is characterized by channel-shape deposits of well-sorted polygenic conglomerate
with poor matrix and with thin sandstone and clay levels. It is followed by a polygenic
conglomerate with clay matrix and a thickness of ~20 m. The sedimentary facies suggest
debris-flow processes that prograded from the margins basinward. The unit is suggestive
of Early Pleistocene, since its deposition occurred between that of the Case Corvi clays and
that of the Magra Valley Conglomerates [58,66].

The two continental Villafranchian sequences of the Aulla–Olivola and Pontremoli areas
have been related by some authors to independent and distinct basins [59,65–67], whereas
other authors have interpreted them as being connected to a single “Lunigiana basin” with a
diachronous development and a later segmentation during the post-Villafranchian time [58].
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Figure 4. Evidence of Plio-Quaternary faulting and deformation: (a) LiDAR-derived DTM showing
the fault scarp offsetting a Late Pleistocene–Holocene alluvial fan along the Mulazzo Fault in the
structural domain SD2 (Lunigiana). This site has been recently trenched for paleoseismological
studies [68,69]; (b) fault scarp offsetting Late Pleistocene alluvial fan deposit along the southernmost
splay of the Corfino Fault, in structural domain SD3 (Garfagnana); (c) normal fault offsetting the
Late Villafranchian Olivola Conglomerates, in structural domain SD2 (Lunigiana); (d) Ruscinian
Sarzanello–Caniparola sands and clay tilted by the Sarzana–Carrara fault, in the northern part of the
West Alpi Apuane Fault system in the structural domain SD6 (La Spezia–lower Lunigiana). Locations
of these sites are shown in the Figures related to the different SDs.

From a structural point of view, domain SD2 represents a ~40 km long, NW-trending
graben with a maximum width of about 15–20 km in the south of the basin and decreasing
northwestwards (Figure 3). The graben is bounded by antithetic high-angle normal fault
systems overprinting a polydeformed contractional thrust stack and a later system of
low-angle extensional detachments [50,68,69].

To the east, the west-dipping faults form 3 subparallel, NW-trending, closely spaced
(a few km) fault systems running over a total length of more than 40 km along the entire
upper Lunigiana extensional domain [58,70,71]. From east to west these systems are the
Groppodalosio–Compione–Comano, the Arzengio–Bagnone, and the Mocrone–Licciana
strands (Figure 3). Each of these fault systems is segmented laterally into a few major
segments (whose names constitute the system names), most of 10–15 km length. Some of
these segments have been studied in detail. The Groppodalosio fault segment runs over
~18 km from the Passo del Righello (west of Cisa Pass) to the southwest of Mt. Sillara.
It has a strike from N 130◦ to N 170◦ and shows a steep dip and normal slip kinematics
with a cumulative displacement of ~400 m near Groppodalosio. The Compione–Comano
fault segments [59,66,70–74] form a ~20 km long fairly connected strand dipping 60–70◦ to
the SW. The Groppodalosio and Compione–Comano fault segments show a right-stepping
“en échelon” pattern suggestive of a left-lateral component of slip on the whole system, in
addition to the dominant normal one. On the Compione–Comano fault zone, a cumulative
vertical displacement of more than 2000 m has been inferred from surface and subsurface
data [50,59,75]. This suggests that the cumulative vertical slip decreases from south to north
along the whole Groppodalosio–Compione–Comano fault system. The Late Pleistocene era

415



Geosciences 2021, 11, 139

conglomerates appear vertically displaced across of the Groppodalosio and the Compione–
Comano faults [59,66], attesting for their slip motions in the last 100 kyrs.

The Arzengio–Bagnone and the Mocrone–Licciana faults extend over a total length of
~25 km. Their largest cumulative vertical displacement is estimated at ~600 m [59,72,73].
The Arzengio fault is considered to have been active mainly in the pre-Middle Pleistocene
times [59,66,67]. The Mocrone–Licciana Fault, which is closest to the graben axis, has a
maximum throw of ~400 m. It is taken to have been active during and after the Middle
Pleistocene [66,67]. Two small adjacent faults, Fivizzano and Minucciano, have been
suggested to be inactive since the Middle Pleistocene [66].

The antitethic NE-dipping fault system that bounds the graben to the west includes
the Coloretta–Parana–Podenzana–Tendola and the Arzelato–Mulazzo–Tresana–Aulla fault
zones [50,59,73,74]. The former has a total length of about 35 km, while each segment is
about 10–15 km long. The maximum cumulative vertical throw, ~700 m, is observed in
the northernmost part of the fault system, where a dip-slip normal kinematics and a Late
Pleistocene, possibly Holocene activity are inferred [59,73].

The Arzelato–Mulazzo–Tresana–Aulla fault system bounds the upper Lunigiana
graben (Figures 3 and 4a). In its northern part, its normal dip-slip kinematics are attested
by various indicators (some close to Mulazzo), while a cumulative vertical displacement of
~1000 m is observed. The fault system has been suggested to be active in the Holocene [59,
66,74], which paleoseismological trenching has confirmed recently [68,69].

Both the Coloretta–Parana–Podenzana and the Arzelato–Mulazzo–Tresana–Aulla
faults have their strike changing from the NW–SE to W/NW–E/SE toward their south-
ernmost termination, where they seem to connect to the North Apuane Fault System
(described below, Fosdinovo–Tenerano–Marciaso–Aiola–Equi Terme Faults in Figure 3).

Recent geomorphic analysis have been locally performed in the upper Lunigiana [66,73]
with the aim to estimate the cumulative fault throws and their variations along strike,
the fault segmentation pattern, and the possible linkages among the fault segments and
systems [59,66,68]. Among others, these studies have derived late Quaternary throw rates
in the range of 0.4–0.8 mm/year, in fair agreement with displacement rates suggested in
earlier works from geological studies (Table S1).

4.3. Structural Domain SD3: The Garfagnana

Structural domain SD3 includes the Garfagnana, an intramontane depression where
the Serchio valley is developed (Figure 6). The Plio-Quaternary stratigraphic units exposed
in the area (Figure 2) are characterized by:

(a) Basal, fine-grained lithofacies, mainly clays and silty clays locally interbedded with
coarse-grained conglomerates alternating to thin beds and lenses of sands and organic-rich
horizons [56,76–78]. Thin dark grey paleosols are also present, at different levels of the
clayed–sandy sediments and related to local emersion of the depositional area [56,79–81].
These dominantly fine-grained basal lithofacies, called Fornaci di Barga clays, have a maximum
thickness of 170–200 m (inferred in exploration wells near Pieve di Fosciana and Barga [56]).
According to the paleontological contents, the formation is attributed to Middle–Late Pliocene;
in particular the lower portion could be assigned to the Ruscinian–Early Villafranchian, while
the upper portion could reach the Late Middle Villafranchian [56,79–81];

(b) Barga conglomerates, which are dominated by coarse-grained lithofacies with sub-
ordinate silty to sandy interbeds mainly distributed into the lowermost portion where
organic-rich horizons also are observed. In contrast with the conglomerates interbedded
within the Fornaci di Barga clays, the Barga conglomerates are formed more than 50% by
Mesozoic carbonate clasts sourced from both the unmetamorphic and the metamorphic Tus-
can units. The thickness of the sequence ranges from 70 to ~170 m and can be referred to the
Late Villafranchian, based on its correlation with the similar Olivola conglomerates [79–81].

Commonly, the sedimentary record of the Villafranchian sequences is interpreted to
attest to a depositional environment with a transition from lacustrine to fluvial [76–78].
More recently, however, some authors [79,80] have related its formation to an alluvial
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system with NW–SE flow direction developed in a humid subtropical climate regime,
followed by the development of a gravel bed-load braided system.

(c) Post-Villafranchian deposits are represented by: (i) Macigno-derived conglomerates;
and (ii) terrace alluvial deposits, with decreasing altitude above the present riverbed [66,77,78].

The distribution of the Villafranchian and post-Villafranchian deposits along the
present Garfagnana and their internal structural setting document significant syn- and
post-Villafranchian [66,81–83] vertical movements and deformations related to the activity
of fault systems described hereafter (Figures 5 and 6).

 

Figure 5. (a) Panoramic view (toward N/NW) of the Compione Fault (structural domain SD2).
(b) Panoramic view (toward W/SW) of the Aiola–Equi Terme fault part of the North Apuane Fault
System. The village in the valley is Equi Terme, epicentral area of the 2013 Lunigiana earthquake.
Photo taken from the road to Ugliancaldo Village, epicentral area of the 1837 Alpi Apuane earthquake;
(c) Corfino fault in structural domain SD3. (d) Monte Perpoli morphostructural high in SD3. White
line indicates the base of the Late Pleistocene deposits in the hanging wall and footwall of the North
Mt. Perpoli fault. The latter is taken to have produced the 2013 Garfagnana earthquake. (e) Pietrasanta
fault (SD5), central southern segment of the West Alpi Apuane fault, the major bounding fault of
the Viareggio basin. (f) Basin and range landscape forming the western boundary of the Pisa plain
(southernmost part of the structural domain SD5). Stereonets show microtectonic measurements we
made on the faults (minor fault planes and slickenslides) (Schmid net, lower hemisphere).
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Figure 6. Main fault systems and geology in structural domain SD3 (Garfagnana). The map is
derived from [56,57,77,84] and our work. Fault identification numbers are as reported in Table S1.
HAF: steep normal faults; LANF: low-angle detachment faults; Ba: Barga; BM: Borgo a Mozzano;
Bo: Bolognana; Ca: Casciana; CG: Castelnuovo Garfagnana; Cs: Castagnola; Corf: Corfino; Ga:
Gallicano; Gi: Gioviano; Go: Gorfigliano; MtL: Mt. Lupacino; PaS: Piazza al Serchio; Pe: Pescaglia;
PF: Pieve Fosciana; Si: Sillicano; SR: San Romano; Va: Vagli; VCM: Villacollemandina; Ve: Vergemoli.

From a structural point of view, domain SD3 represents a ~30 km long, NW-trending
graben with a maximum width of about 20 km in the SE, slightly decreasing northwestward
(Figure 6). As with SD2, it is bounded by antithetic steep normal fault systems overprinting
the contractional thrust stack and a set of low-angle extensional detachments, mainly
located at the base and within the Tuscan unmetamorphic unit [50]. SD3 is divided in its
center by the Mt. Perpoli high (between Castelnuovo Garfagnana and Barga), a normal fault
bounded horst trending subperpendicular to the graben faults (Figure 5d). This transverse
relief divides SD3 into two subdomains, Garfagnana North and Garfagnana South.

The Garfagnana North subdomain is bounded to the East by three west-dipping
fault systems: the Verrucole–S. Romano, the Sillano–Corfino, and the Mt. Prado systems.
Each fault forming any of these systems is 10–15 km long. The Verrucole–S. Romano
Fault has a total vertical throw of ~400 m, with offset recorded in the Late Pleistocene
Macigno-rich conglomerates [56,66,82]. The fault also offsets by ~18 m more recent alluvial
terraces toward its southern prolongation represented by the Pontecosi fault [66,82,83].

The Sillano–Corfino fault (Figures 4b and 5c) shows slickensides that are interpreted
to suggest a right-lateral component of slip in addition to the dominant normal one [74].
The total vertical offset of the Corfino fault is ~600 m, with deformation in the Villafranchian
and post-Villafranchian deposits. Smaller vertical displacement of ~250 m is measured in
its southern part [66,77,82,83], between Villa Collemandina and Castiglione Garfagnana
(Figure 4b).

The M. Prado fault, close and at the straddle with the orographic divide, is a ~10 km
long structure with a maximum cumulative vertical offset of ~300 m and evidences of post
Last Glacial Maximum (LGM) activity [56,66].

To the west, the graben is bounded by two major NE-dipping normal fault systems,
the Gorfigliano–Vagli and the Casciana–Sillicano systems. Both seem to continue beyond
the transverse Mt. Perpoli high, in the form of the NE-dipping Vergemoli–Fabbriche di
Vallico–Pescaglia and the Bolognana–Gioviano–Borgo Mozzano fault zones, respectively.
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All these fault systems are segmented laterally, with each identified fault being one of these
segments, 10–15 km long.

The Casciana–Sillicano and Bolognana–Gioviano faults bound the present graben
axis. Along these faults, the cumulative vertical displacement increases from north to
south, up to ~400 m west of Castelnuovo Garfagnana (Casciana–Sillicano Fault), and up to
1.5 km across the Tuscan units around the Gallicano village (Bolognana–Gioviano Fault).
There, the Barga conglomerates are vertically offset by about 39 m [56,66].

In the Garfagnana South subdomain, the eastern border faults are represented by the west-
dipping Foce a Fobi/Mt. Uccelliera and the Foggeta–Mt.Coronato–Mt.Memoriante normal
faults. The former is ~18 km long and shows well-expressed topographic scarps [56,66]. The
latter is a ~20 km long structure with more than 300 meters of cumulative vertical displacement
that bounds the Mesozoic carbonatic inlier of the Lima Valley to the west [84].

Further west, the Barga fault closely bounds the graben. It is a segmented fault
about 10 km long with a NW–SE trend that bends to nearly N–S toward its southern
termination close to Borgo a Mozzano, where it abuts against the east-dipping Gioviano
fault. The distribution of the Late Pleistocene alluvial deposits has been related to the
activity of the Barga Fault [56,66,73,77].

The Mt. Perpoli high that divides SD3 is bounded to the north and south by NE-
trending faults with an oblique dextral and normal slip locally well constrained in bedrock
minor faults [66,72,83] (Figure 5d). Deformation of Villafranchian and post-Villafranchian
deposits has been described across the faults [56,66,82,83], which document a minimum
of ~250 m of vertical displacement during Plio-Quaternary and ~150 m in the Middle
Pleistocene–Holocene. An intermittent historical activity of the Pieve di Fosciana sinkhole-
related lake has been related to the activity of the Mt. Perpoli faults [85].

4.4. The Lunigiana and Garfagnana Linkage Zone

The northern part of domain SD3 includes an area where a structural linkage seems
to occur between the major fault systems of domains SD2 and SD3 (Figure 7). In this
linkage zone, the oldest Plio-Quaternary continental deposits are largely eroded, although
they are observed in three major exposures close to Canova–Ceserano and S. Terenzo in
the Lunigiana and between Minucciano and Piazza al Serchio in Garfagnana [57,59,86].
The oldest levels, represented by clays, sands, and mainly polygenic conglomerates [56,57,86],
may be compared with the Aulla clay–Collecchia conglomerates in Lunigiana and with the
Fornaci di Barga fm. in Garfagnana [56,57,60]. These deposits are unconformably covered
by ~200 m thick Mg-dominant conglomerates (called M. Lupacino conglomerates), which
are considered of Early Villafranchian age [57], or more likely Late Villafranchian–Middle
Pleistocene from correlation with similar deposits in Lunigiana and Garfagnana [58,60]
(Figure 2). The original flat erosive base of these Plio-Quaternary deposits is vertically
displaced by about +30, +50, and +500 m at the Canova–Ceserano, S. Terenzo, and Castagnola–
M. Lupacino exposures, respectively, compared to similar deposits exposed in Lunigiana
and Garfagnana.
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Figure 7. Lunigiana–Garfagnana linkage domain between SD2 and SD3, with the surface and subsurface architecture of
the North Apuane Fault System. (a) Simplified tectonic and geological map of the Lunigiana–Garfagnana linkage domain
(location in Figure 3) with breakthrough surface faults (Fosdinovo–Tenerano–Marciaso–Aiola–Equi T.–Gramolazzo and
splays). HAF: steep normal faults; LANF: low-angle detachment faults. The contours are depths (in TWT) of the seismic
basement identified in the seismic profiles, down to 5000 m; they image the North Apuane fault plane in the subsurface, as
shown in (b). Numbers c.000 m indicate the elevation of the base of Plio-Pleistocene deposits. (b) Interpreted seismic section
across the North Apuane fault (ENI: Equi Terme–Monti migrated line; more details in [50]). (c) Fault data (main fault planes
and secondary faults with striations) showing kinematics of Aiola–Equi Terme Fault (1) and fault slip data inversion, PT
kinematic diagrams (2, 3). All kinematic indicators attest to an oblique slip, both normal and right-lateral. Ca: Canova; Ce:
Ceserano; Mi: Minucciano; Mt.L: M. Lupacino; P.S: Piazza al Serchio; S.T: S. Terenzo Monti.

The Lunigiana and Garfagnana linkage domain is related to the North Apuane fault
system (Figures 3, 6 and 7). This fault zone, trending about ENE, is the most prominent
structure in the morphology (Figure 5b) and the best constrained both at the surface and
in the subsurface (Figure 7), thanks to Eni seismic lines [50,66,87]. In the seismic profiles,
the North Apuane fault is well imaged down to a ~5 km depth (~2s in TWT, Figure 7b).
Dipping by ~50◦ toward about the north, it separates a metamorphic footwall domain
(Apuane metamorphic units in subsurface) from the unmetamorphic cover units of the
nappe stack [50,87]. At the surface, the fault extends over more than 30 km long and
is divided into three connected, ~10 km long segments: from west to east: the ~E–W
trending Fosdinovo fault, the central ~NE-trending Tenerano–Marciaso fault, and the
~E–W trending, Aiola–Equi Terme fault. Its total vertical slip is 2–3 km.

The Aiola–Equi Terme fault shows clear evidence of recent activity, such as bedrock fault
scarps, triangular facets, and hydrothermal springs along the fault trace (Figure 5b) [17,66,87–89].

The overall architecture of the North Apuane fault zone and adjacent faults suggests
that the Ponzanello–Tendola, Gorasco, and Olivola–Soliera faults are secondary splay
faults of the major North Apuane fault. Altogether, these secondary faults form a large
horsetail at the western termination of the North Apuane fault zone, in keeping with its
right-lateral component of slip (Figure 7c). To the east, the Gramolazzo fault may also
be a secondary fault connected to the North Apuane fault, although this has to be better
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investigated. It displaces Plio-Quaternary deposits and a set of alluvial Late Pleistocene-
Holocene terraces [86], which attests to its recent activity.

4.5. Structural Domain SD4: Lucca–Mt.Albano

Structural domain SD4 has been described as the “Montecarlo basin” [90–94] filled
with up to ~2000 m of Neogene to Quaternary continental and marine stratigraphic se-
quences (exposed at surface and revealed in exploration wells; Figure 8).

 

Figure 8. Major faults and geology in structural domain SD4 (Lucca–Mt. Albano). The map is
derived from [92–94] and our work. Fault identification numbers as reported in Table S1. HAF: steep
normal faults; LANF: low-angle detachment faults; Cer1: Cerbaie well; Ce2, Ce3: Certaldo wells;
Ma: Massarosa; Mo: Montecatini; PaM: Ponte a Moriano; Ve: Vecchiano.

More precisely, SD4 includes two sub-basins, the Lucca and the Monsumanno plains,
bounded by the hills of Montecarlo–Le Cerbaie and of Vinci. The basal terms of the
filling sequence (Figure 2) are only known in subsurface at the Cerbaie 1 and Certaldo 2–
3 boreholes, and tentatively referred to Late Miocene [90]. They consist of fluvio-lacustrine
marls, clay and silty sands.

Their thickness is about 600 m in the Certaldo 2 and 3 boreholes, while the levels
pinch out northward as documented in the Cerbaie 1 borehole. In outcrops, the lowermost
terms are represented by the Marginone Fm. [90,91], which is formed by clays, silty clays,
and sands locally associated with conglomerates. Fossil remnants and sedimentological
features [92,95] document a transitional environment related to an alluvial plain grading
southward to a marine environment. With a maximum thickness of ~400 m, the Marginone
Fm. is dated to the Late Pliocene to Early Pleistocene (Early to Late Villafranchian) [95,96],
although a possible Ruscian age has been suggested based on the presence of mammal
remnants (Alephis lyrix) in its northermost part [92].

The overlaying Montecarlo conglomerates dominantly consist of a red gravelly deposit
composed of quartzites and phyllites mainly sourced from the Triassic Verrucano Formation
of the close Mt. Pisano. The unit, with a maximum thickness of 150–200 m, can be attributed
to late Early Pleistocene, and is unconformably overlain by the Cerbaie Formation (Figure 2),
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which displays the same composition as the Montecarlo Formation, although with a finer clast
size.

The Cerbaie Formation, with a maximum thickness of 20–30 m, is dated at the Middle
Pleistocene through a regional correlation with deposits cropping out on the southern side of
the Arno Valley and containing a tuff layer radiometrically dated at about 0.5 Ma [91,93,95–98].

From a structural point of view, SD4 represents a rhomb-like graben (Figure 8). To the
south it is bounded by the ENE-trending Livorno–Empoli fault, and to the east by the Mt.
Albano west-dipping normal fault. While that fault extends over 20 km with a NNW-strike,
it bends anticlockwise at its northern termination so as to form the WNW-trending Ponte a
Moriano–Montecatini normal fault. The connection between the two NNW- and WNW-
trending normal faults suggest oblique slip on both of them, left-lateral on the Mt. Albano
fault and right-lateral on the Ponte a Moriano–Montecatini fault. The Mt. Albano fault
seems to extend further south beyond the Livorno–Empoli Fault (Figure 1).

The western boundary of SD4 is marked by the east Mt. Pisano Fault, which is well
defined in the subsurface [93] along the eastern side of Mt. Pisano. The interior of the SD4
fault-bounded basin is also dissected by a few faults, mainly the west- and east-dipping
Cerbaie normal faults, which bound the Montecarlo–Cerbaie horst in the center of the basin.
A few other faults (Bientina, S. Croce sull’Arno, and Tinaia) are inferred in the south of the
basin from subsurface data [90,93,94,99], possibly connected to the Livorno–Empoli fault.
Although the tectonic studies of the SD4 basin faults are still few, the available works show
that the cumulative vertical displacement on the Mt. Albano fault is about 1000 meters
in its northern part (around Monsummano–Montecatini), including ~250 m and at least
~150 m of vertical slip since the Early-Middle Pliocene and the Gelasian, respectively [94].
Southeast of the Cerbaie and Vinci hills, “erosional” scarps may represent the expression of
the subsurface S. Croce sull’Arno and Tinaia faults [91–93]. Their post-Middle Pleistocene
vertical displacement is estimated at ~110 m [91–94].

The WNW-trending Ponte a Moriano–Montecatini normal fault steps to the left in
the western part of the basin, resulting in the south-dipping, ~E-W-trending North Lucca
normal fault. The left-stepping arrangement of the two normal faults suggests a right lateral
component of slip along the whole transverse fault system. The activity of this northern
basin-bounding fault system is recorded in the Plio-Quaternary deposits where deformation
postdating the Late Pliocene is well documented, as well as in the morphotectonic evolution
of the footwall domain represented by the reliefs of Le Pizzorne [78,92,94].

4.6. Structural Domain SD5: The Viareggio Basin

Structural domain SD5 includes the northernmost of the Tuscany and Northern Tyrrhe-
nian Neogene basins [30,31,50,100]. It is made of an onshore part with the coastal plains
of Versilia and Pisa and of an offshore domain with a basin-depocenter west of Viareggio
(Figure 9). The coastal plains of Versilia and Pisa are formed by Quaternary deposits
mainly sourced from the major rivers, Magra, Serchio, and Arno, and their tributaries.
The offshore Viareggio basin is known thanks to industrial seismic profiles and exploration
wells offshore and onshore, which described a Neogene–Quaternary sedimentary filling up
to ~3500 m thick [30,31,46,47]. According to [30,100], the sedimentary sequence starts with
300 m of marine clay and sandstone (Seq. 2+3 of [30,100]) considered to be Late Messinian
by [30]. The Pliocene succession shows a thickness of about 1500 m and is subdivided
into two sequences (Seq. 4 and 5) from seismic facies and unconformities [47,100,101].
The succession is mainly formed by outer neritic marine clay associated with sandy layers.
The following Quaternary deposits include ~600 m of open marine to littoral-brackish
alternations of clay and sand (Seq. 6a) with inclined and well-defined reflectors indicating
a westward prograding sandy mouth-bar related to the development of the paleo-Arno
river. Deposits related to a marine ingression define the bottom of an uppermost, ~100 m
thick sequence (Seq. 6b) referred to the Middle Pleistocene–Holocene. This upper sequence
is formed by marine to brackish sands associated with gravel layers and covered by 40 m
thick clays.
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Figure 9. Main fault systems and geology in structural domain SD5 (Viareggio basin). Fault identifi-
cation numbers are as reported in Table S1. Offshore sediment thickness after [30,31]. Ca: Carrara;
Lu: Lucca; Li: Livorno; Ms: Massa; Pi: Pisa; Sp: La Spezia; Vi: Viareggio.

From a structural point of view, the Viareggio basin is an asymmetric, NNW-elongated
graben, about 70 km long and 35–40 km wide (Figures 1 and 9). It is bounded to the
north by submarine highs shaped by ~E–W trending faults offshore, Marina di Massa and
Marina di Carrara, and to the south by the ENE-trending Meloria Shoal fault, which is
the western offshore segment of the Livorno-Empoli fault. To the west, a submarine high,
Maestra, forms the structural boundary of the basin, whereas to the east, the basin margin
is made of a series of closely-spaced, west-dipping, steep normal faults that are part of
the West Apuane Fault System (Figure 9). Seismic images and surface geology document
the asymmetry of the basin controlled by the southwest-dipping master faults forming
the West Apuane Fault System [50,87,99–102]. The relationships between faults and the
sedimentary infill document deformation with total vertical offsets of more than 3500 m
on the West Apuane system, and of ~200 m since the Middle Pleistocene. They provide
evidence of activity of both the west- and east-dipping faults in Early Pliocene and Middle
Pleistocene [100,101,103,104]. Although most of the available industrial seismic profiles do
not have sufficient resolution to identify fault offsets within the Late Pleistocene–Holocene
deposits, a few displacements are locally documented [46,105–107].

The kinematics of basin-margin high-angle faults is well constrained in some of the
exhumed segments observable at the surface, as the Pietrasanta fault (Figures 5e and 8).

Close to Pisa, in the Mt. d’Oltre Serchio, a kilometer-wide relay zone between
two NNW normal faults shows fault scarps up to 10 m high, likely formed in the Late
Pleistocene–Holocene [103–105].

4.7. Structural Domain SD6: La Spezia–Lower Lunigiana

Structural domain SD6 is an on-land/offshore domain shaped by the Vara Valley–
lower Lunigiana tectonic depression in which the Vara and the lower course of the Magra
flow (Figure 10). The western promontory of La Spezia and the Vezzano–Pta. Bianca reliefs
bound the depression. Continental stratigraphic sequences are scatterly observed in this
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domain, and are especially known in the northwest near Sesta Godano, and along the
eastern flank of the lower Lunigiana, from S. Stefano Magra to Sarzana [58,106–109].
Small sedimentary remnants between Sesta Godano and La Spezia [55,105,108] mark a
paleohydrographic setting with record of the paleo-Vara now captured by the Magra
river [55,108] (Figure 10).

 

Figure 10. Main fault systems and geology in the structural domain SD6 (La Spezia–lower Lunigiana).
The map is derived from [58,107] and our work. Fault identification numbers are as reported in
Table S1. HAF: steep normal faults; LANF: low-angle detachment faults; A: Ameglia; BdM: Bocca di
Magra; Be: Beverino; BV: Borghetto Vara; PB: Pian di Barca; PBt: Piano Battolla; Po: Ponzano Magra;
SG: Sesta Godano; S.St: Santo Stefano Magra; U: Usurana; V: Vezzano.

The deposits of the lower Magra valley are related to a former Neogene–Quaternary
“Sarzana basin” [58,107,108] associated with a continental sequence exploited in the past
for clays and lignite deposits and containing rich flora and mammal remnants, and the
object of investigations since the mid-19th century [107,109]. The sequence includes:

(a) Basal fine-grained lithofacies, mainly formed by clays and silty clays interbedded
by thin beds and lenses of sand and lignite-bearing horizons grading and alternating
upward with medium- to coarse-grained conglomerates. The dominantly fine-grained
basal lithofacies, called Sarzanello–Caniparola clays [58,107–109], has been documented in
the old mines around Caniparola and in less visible outcrops along the Albachiara creek
south of Sarzanello [106,108,109]. The thickness of this unit is ~40 m and its depositional
environment has been considered as related to lacustrian–palustrian in transition to a
fluvio-deltaic setting developed in subtropical to temperate conditions. The paleontological
contents allowed, with some debate, an attribution to the Early Pliocene, with its lower
portion assigned to the Ruscinian age [108,109].

(b) Ponzano Magra clays and conglomerates, which are dominated by coarse-grained
lithofacies with subordinate silty to sandy interbeds and fine-grained clay lithofacies mainly
distributed in the lowermost portion, where organic-rich horizons are also present. In a
quarry close to Ponzano Magra, the fine-grained lithofacies were used for industrial pottery
until the mid-1980s. The Ponzano Magra clays and conglomerates, with a thickness of
~120 m [58,106,107], have been related to an alluvial plain environment and are charac-
terized by a paleontological content which allows their dating to the Early–Middle (?)
Villafranchian [61,106–109].

(c) Darma–Faggiada conglomerates, which are mainly formed by polygenic coarse-
grained conglomerates associated with sands and silty-sand layers locally observable
in fining-upward sequences. This unit is interpreted as related to alluvial fans resting
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unconformably on top of the Ponzano Magra conglomerates. From relative chronology
evidence, the unit is suggested of Middle–Late Villafranchian age [58,106–109].

(d) Fan deposits and alluvial terraces. The oldest of these units, collectively called
the “lower Val di Magra system” [107], includes alluvial terraces and related fan deposits
mainly observable in the eastern flank of the lower Magra valley (between S. Stefano
di Magra and Sarzana). The sequences are represented by polygenic unsorted gravels
and boulders with minor sands and clays, and are referrable to an evolving braided
fluvial system and lateral fans. The oldest of this group of deposits, which may be found
at about 50 m above the present Magra river, is well developed between nearby Santo
Stefano di Magra and is related to an early stage of development of the present drainage
system [107,109]. Collectively these units are attributed to the Middle–Late Pleistocene.
The recent alluvial terraces and alluvial deposits are related to the present-day Magra–Vara
river system and include two levels of terraces formed by conglomerates, sands, and silts.
The oldest of these deposits have been dated to the Late Pleistocene–Holocene, while the
youngest are of the Bronze and Iron Ages (due to the presence of a human-made “Statua
Stele” found during sand quarrying near Sarzana [107]).

The deposits of Sesta Godano include conglomerates grading to coarse- to fine-grained
sands interbedded with clay and silty clays. The sequence has a thickness of about 60 m
and is related to a lacustrine–alluvial depositional system [58,107]. Pollen contents allowed
its dating to the Early Villafranchian [106,108,109]. Noteworthy are the scattered coarse-
grained deposits, mainly conglomerates and sands, observable NW of La Spezia in Pian
di Barca surroundings. These deposits are interpreted as related to the confined alluvial
systems [58,106] of Pliocene–Early Villafranchian age [58,107,108]. They thus attest to a past
drainage of the paleo-Vara river flowing to the proto-La Spezia Gulf before its diversion
toward the present-day course track [58].

The central graben—lower Lunigiana—of domain SD6 is bounded by antithetic nor-
mal fault systems (Figure 10). Overall, the width of the fault-bounded graben decreases
from SE to NW. To the east, the major west-dipping Sarzana–Carrara fault, the northermost
part of the West Apuane Fault System, extends over ~25 km from Carrara to S. Stefano di
Magra, where it steps to the right to continue through the Mt. Grosso–Mt. Cornoviglio–M.
Vruga fault [50,58,60]. The step has developed so that the fault system is intersected by a
NE-trending short fault, the S. Stefano Magra fault. From the step toward the northwest,
the Sarzana–Carrara fault splays into a network of curved normal faults, forming a sort
of horsetail at the northern end of the Sarzana–Carrara fault. This horsetail suggests a
left-lateral component of slip on the main NW-trending Sarzana–Carrara fault, in addition
to its dominant normal one.

To the west of the graben, the east-dipping, NW-trending bounding normal fault sys-
tem includes La Spezia fault, about 20 km long, and the Piano Battolla–Vezzano–Ameglia
fault on the eastern side of the Punta Bianca promontory. With a total length of about
40 km, the Piano Battolla–Vezzano–Ameglia fault bends counterclockwise in its northern
section, likely to connect the La Spezia fault.

The Quaternary vertical displacements on the Sarzana–Carrara fault exceed 700 m,
as recorded in tilted lower levels of the “Sarzana Basin” [50,58,72,107,110], and are esti-
mated to ~75 m during Mid-Pleistocene–Holocene. Deformations of Holocene alluvial
terraces are also documented across the Ameglia–Piana Battolla fault [72,107,109].

5. Geodetic Data, and Historical and Instrumental Seismicity

5.1. Geodetic Data

We used GPS data recorded in 1998–2020 by continuous Global Navigation Satellite
System (GNSS) stations operating in Italy and surroundings, along with GPS data collected
in repeated temporary campaign measurements during the RETREAT project [25] in the
northern Apennines, to calculate new horizontal velocity and strain-rate fields.

We processed the data following the same procedures as described in [111], to which
we refer for more technical details. The main result of our GPS data processing was a set
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of ground surface velocities, represented in Figure 11 relative to a fixed Eurasia reference
frame [25,112]. The discrete velocities at each station, weighted by their uncertainties,
were used to estimate a continuous velocity field, and its spatial gradients, using the
multiscale method described in [113,114]. Figure 11 also shows the total strain-rate field
(i.e., the second invariant of the strain-rate tensor), defined as the square root of the sum of
squares of all its components, along with the horizontal principal strain axes (grey arrows).
The diverging and converging arrows thus represent the directions of extensional and
contractional deformation, respectively.

 
Figure 11. Horizontal GPS velocity field (blue and red vectors are continuous and campaign stations,
respectively, with 95% confidence error ellipses) and total strain-rate field (color scale). The diverging
and converging grey arrows show the axes of the principal strain rates, indicating extensional and
contractional deformation, respectively.

Beyond the general characteristics of the velocity and strain fields, reported in earlier
works [25,112], several interesting features were revealed.

First, surface velocities and strain rates abruptly changed across two zones trending
about NW–SE: in the southwestmost part of the area, they increased significantly across a
curved line that roughly coincided with the westernmost major fault systems of the SD2
and SD3 domains; whereas, further to the northeast, they decreased significantly across a
curved line that runs in the Apennines northern flank, about 30–50 km east of the SD2 and
SD3 easternmost fault systems. These pronounced changes might result from the current
locking of active faults. In the region of concern here, this provides further support for the
seismogenic activity of the westernmost SD2 and SD3 normal faults.

Another observation was the existence of a ~E-W narrow zone north of the Firenze
graben, where the strain vectors suggest a strike-slip deformation. The zone roughly
extends in the eastern prolongation of the ~E-W North Lucca–Ponte a Moriano–Montecatini
fault zone that bounds the SD4 basin to the north. This is consistent with this fault zone,
which currently has a right-lateral component of slip.
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5.2. Historical and Instrumental Seismicity Within the Investigated Areas

The studied area is dominated by shallow earthquakes of low to moderate magnitude
and normal to oblique focal mechanisms [1,2,4,27,115–118]. Figure 12 reports instrumental
earthquakes with magnitude Mw >1 and historical earthquakes derived from the CPTI15 v.3
catalog [35,37]. Although instrumental and historical seismicity is widespread throughout
the study area, only two seismogenic sources (in Lunigiana and Garfagnana, our SD2
and SD3 domains) are included in the national database of seismogenic areas. Figure 12
shows, however, that clusters of recent seismicity and historical earthquakes did occur in
all the structural domains in the region of interest. Structural domain SD2 shows shallow
crustal earthquakes, with hypocenter depths ≤ ~10 km, and focal mechanisms attesting
to normal or oblique slips [116,117]. It is noteworthy that historical seismicity in this
area includes different earthquakes with an estimated magnitude Mw > 5 (Figure 12c);
among them, the “Val di Taro” (1545, Mw ~5.2) and “Bagnone” (1903, Mw ~5.3) events.
Similar to upper Lunigiana, SD3 (Garfagnana) is an active seismic region, even though
the distribution of instrumental seismicity is quite heterogeneous. Like in Lunigiana, the
hypocenters are shallow (≤10 km) and earthquakes have both extensional and oblique-
slip kinematics. Leaving aside the 7 September 1920 earthquake (Mw ~6.5), which will
be discussed below, at least five historical earthquakes with severe damages have been
reported in Garfagnana [35,37] (Figure 12c): the “1740 Piastroso”(Mw ~5.2), the “1746
Barga” (Mw ~5), the “1902 Barga”(Mw ~4.9), the “1919 Piastroso” (Mw ~4.9), and the “1939
Vagli”(Mw ~4.9) earthquakes. The other structural domains described in this study show
an instrumental seismicity less dense and of smaller maximum magnitudes (Mw < 3.5)
than those recorded in the SD2 and SD3 domains. However, in all domains there is a
significant seismicity, including clusters and/or alignments of epicenters, both onland and
offshore (Figures 12 and 13). It is worthy to report here the offshore events that occurred
along and off the coast of Pisa and Viareggio in 2013. Some occurred in clusters, which
superimpose fairly well to the surface traces of some of the major faults we described
earlier (Figure 13). Cross-sections across these faults and clusters support that the former
may be the sources of the earthquake clusters (Figure 13). This confirms that the bounding
faults of the Viareggio basin are currently active, as those north of SD4 and east of SD6.
The focal mechanisms are too few to derive any significant information, but they confirm
that earthquakes on NNW-trending faults have normal or normal and left-lateral slip.
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Figure 12. Seismicity in the studied area (instrumental and historical). (a) 1982–2012; (b) 2013; (c)
historical moderate to large earthquakes (intensities greater than V) reported from 1000 to 1980 (from
CPTI15-DBMI15 catalogs). Identification numbers are the same as those reported in Table S2.
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Figure 13. Faults and seismicity (1980–2013) in the Viareggio basin and surroundings. Focal mecha-
nisms are from the INGV archive [2,32].

At least 11 historical moderate earthquakes with significant damages occurred within
the structural domains SD4, SD5, and SD6 (Table S2): the 1168 “Pisa” (Mw ~4.5), the 1322
“Pisa”(Mw ~4.5), the 1414 “Villa Basilica” (Mw ~5.2), the 1481 “San Giuliano Terme”
(Mw ~4.5), the 1630 “Pescia” (Mw ~4.5), the 1891 “Villa Basilica” (Mw ~4.5), the 1814
“Livorno” (Mw ~5.1), the 1861 “Varese Ligure” (Mw ~4.6), the 1897 “lower Val d’Arno”
(Mw ~4.6), the 1914 “Ponte a Moriano” (Mw ~5.8), and the 1955 “Sarzana” (Mw ~4.5)
earthquakes. Furthermore, an important earthquake occurred in the Viareggio–Pisa area
in 1117 that caused large damages [37]. The significant magnitudes of these earthquakes
attest that they ruptured fault lengths of kilometer scales. Altogether, these earthquake
records thus confirm that at least several of the faults we have described in the region are
currently active and seismogenic.
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5.3. The 2013 Seismic Activity

During 2013, a series of seismic events occurred within the investigated area, soon
after the end of the Emilia 2012 seismic sequence [4,33,74]. The 2013 events affected domain
SD3 (Garfagnana) in January and the transition zone between SD2 and SD3 in June and
August. A few other events occurred in the plain of Pisa and in the close offshore area,
as well as in the lower Val di Magra (SD6) in April, June, and October (Figures 12 and 13).

On January 25 at 3:48 p.m., an earthquake with Mw 4.8 occurred in mid-Garfagnana
at a depth of ~15 km (Figure 12b). The main shock was followed by about 300 aftershocks
in the following days, with magnitudes that rarely exceeded Mw 3 [32]. The distribution of
the aftershocks roughly draws a NE–SW trend, and the aftershocks migrated away from
the main shock toward the NE. The location of the main shock and of the aftershocks
appears unrelated to the two seismic sources recognized in the area by the DISS project [16].
The focal mechanisms suggest right-lateral slip on a NE–SW-trending plane or a left-lateral
slip on a NW–SE-trending plane. As the cluster of January 2013 geometrically fits the area
of the transversal, NE-trending fault zone (Mt. Perpoli high and related faults) that divides
SD3 into two parts, the event provides support to the current activity of this fault zone.

On 21 June 2013 (10:33 UTC), an earthquake of Mw 5.2 hit southern Lunigiana, with
its epicenter close to Monzone (Figures 1 and 12b). The main event was preceded by a
foreshock on June 15 (Mw 3.4), and was followed by more than 2450 aftershocks, 4 of
them having a magnitude Mw ≥ 4 and 27 with Mw ≥ 3 [32]. The data show that most
aftershocks extended NE from the epicenter [4] (Figure 12b). INGV calculated two solutions
for the focal mechanism of the main shock, with the one noted as (2) in Figure 12b being
the best constrained. Both solutions are consistent with a N–S extension, while the best
constrained mechanism suggests a normal left-lateral or a normal right-lateral slip on a NW-
or NE-trending plane, respectively. The seismic source was initially constrained through
the measurement of the coseismic surface deformation field with DInSAR interferometry,
which defined a rupture on a normal fault dipping NNW by about 50◦ [119]. Refined
results were later presented based on a combination of DInSAR and seismological data
and hypocenter relocation [120]. These identified the source as a ~N 70◦ E striking normal
fault, ~45◦ NNW-dipping fault with a main dip-slip mechanism, but combined with a
small right-lateral strike-slip component [120]. This is consistent with our observations on
the transverse faults.

The year 2013 was also marked by a series of small earthquakes throughout western
Tuscany and eastern Liguria. While these earthquakes are sparse, some form clusters
coinciding with the traces of some of the faults identified in the western flank of the
Alpi Apuane, including offshore in the Viareggio basin, but also with the transversal
NE–SW-trending faults offshore of SD6 (Figures 10 and 13).

6. The 1920 Mw ~6.5 Fivizzano Earthquake: Hypothesis on its Fault Source

On 7 September 1920 at 05:55, the area between southern Lunigiana and Garfagnana
(SD 2 and SD3) was struck by a devastating earthquake with an estimated Mw of 6.4–
6.5 [35,37].

The mainshock was preceded by some foreshocks on the previous day, and was
followed by aftershocks that lasted until August 1921 [38]. The earthquake induced a vast
area of severe damages throughout Lunigiana and Garfagnana and their surroundings,
over an area of about 160 km2 (Figure 14). The mainshock was felt up to the Côte d’Azur in
southern France, Aosta in northwestern Italy, the Friuli region in the northeast, and south
of Perugia in central Italy [38].
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Figure 14. (a) Macroseismic field of the 1920 Fivizzano earthquake. MCS intensities are those of the
database in [37], while epicentral positions are derived from different works (see legend). (b) Area
of maximum intensity of the 1920 Fivizzano earthquake [35,37]. (c) Recognized seismogenic source
according to DISS 3 [16]. (d) North Apuane Fault System architecture in surface and subsurface, with
location of historical and recent earthquakes *. Light yellow represents the seismogenic source we
inferred from Figure 7.

From the interpretations of the macroseismic field (Figure 14a) (which in some zones
reached I 10 MCS) [37,38], different causative faults were proposed as the source of the
1920 Fivizzano earthquake. Among them, the most commonly proposed faults are the
NW-trending, ~10 km long Minucciano fault in Lunigiana (SD2, Figure 3) and the NW-
trending, ~15 km long Casciana–Sillicano fault in Garfagnana (SD3, Figure 6), which are
among the seismogenic faults recognized in the national hazard map [16,17,116,117]. As a
matter of fact, in the area between Lunigiana (SD2) and Garfagna (SD3) different historical
earthquakes with Mw > 4 have been reported [37] (Figure 12c): the 1481 “Fivizzano”
(Mw ~5.5), the 1767 “Monzone” (Mw ~5.3), the 1790 “Tendola” (Mw ~4,9), the 1837
“Alpi Apuane” (Mw ~5.8), and the 1878 “Olivola” (Mw ~5.1) earthquakes. Moreover, the
epicenter of the 15 October 1995 Mw 4.9 earthquake [116–118,121], as that of the 21 June
2013 earthquake, are located in the same zone. Figure 14d shows the surface projection
of the North Apuane Fault System that we described earlier (Figure 7). We suggest that
this source may account for some of the recorded historical and instrumental events, and
moreover, that its rupture produced the 1920 earthquake. As the North Apuane Fault
System forms the northern termination of the NNW-trending, east-dipping westernmost
faults of SD3, we hypothesize that the earthquake ruptured both the northern part of the
NNW trending faults (Gorfigliano–Vagli or Casciana–Sillicano faults; Figure 6), and its
ending oblique North Apuane fault. Coseismic slip might have been greater on this ending
oblique fault, as observed elsewhere, such as in the 1999 Mw 7.6 Chichi earthquake [122].
Therefore, while some NNW-trending faults of the SD3 domain likely ruptured in the
1920 earthquake, we suggest that the ~E-W North Apuane fault extending at the northern
tip of the SD3 NNW faults also ruptured during the earthquake, and actually likely
produced the largest slips and ground accelerations [49,66,74,87]. This hypothesis will of
course need to be validated by future fieldwork analyses.
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7. Discussion

We have provided a review of most available knowledge on Cenozoic geology/stratigraphy,
faulting, seismicity, and current surface strain in the inner northwest Apennines. This compilation
allows us to discuss two major issues.

7.1. Fault Distribution and Evolution

Our work shows that the region of study is densely dissected by large faults of 10 to
40 km lengths. The dominant faulting trends NW–NNW, and has normal slip, however
with an additional component of left-lateral slip. The faults are steep and commonly
combine in conjugate pairs of antithetic faults bounding grabens. Figure 15 presents a
simplified map of the principal grabens with their sedimentary Plio-Quaternay filling in
yellow. These grabens are disconnected from each other or nested within one another,
and their width is narrowing northwestward. Furthermore, collectively, they form an
overall area that tapers northwestward. Graben tapering has been described elsewhere
and shown to result from the propagation of extensional faulting in the direction of graben
narrowing [123]. This architecture might thus suggest the northwestward propagation of
extensional faulting in this part of the Apennines. Such a northwestward propagation of
extensional faulting has already been proposed in earlier works [5,124]. It is consistent with
the northwestward decrease of the total vertical slip along most of the major NW–NNW
normal faults, indicative of faults becoming younger in the northwestward direction [125].
Furthermore, we note that the total vertical slips accommodated on the graben-bounding
faults decrease overall from west (~3.5 km in the Viareggio basin) to east, where total slip
on the easternmost faults is half that on the westernmost faults. This might suggest a mi-
gration of extensional strain over time from west to east, in addition to the northwestward
propagation.

 

Figure 15. Simplified map of major extensional fault systems in the inner northwest Apennines.
Principal grabens are represented, with their sedimentary Plio-Quaternary filling in yellow. The NW–
NNW fault systems are suggested to have propagated northwestward in the few last million years.
SD: structural domain; NAFS: North Apuane Fault System; WAFS: West Apuane Fault System.

Although most NW–NNW faults are likely to interact (as shown in central Italy,
e.g., [5,126]), they are disconnected, sometimes en échelon disposed, so that each principal
fault is at most 40 km long, and more generally 10–15 km.

Another fault set exists in the region, trending almost perpendicular to the dominant
NW–NNW normal faults. The origin of these transverse faults is not yet fully investigated.
As similar ENE faults exit throughout most of Italy, they might likely arise from structural
inheritance from earlier phases of deformation [127–130]. In the region of study, the most
important of these ENE faults are the TAL and LEF, which may act at depth as major shear
zones. They actually have a right-lateral component of slip. Some of these faults might
be reactivated by the NW–NNW normal, left-lateral faults. This might be the case for the
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North Apuane and the Mt. Perpoli faults. Being strongly oblique to the major NW–NNW
west-dipping faults of the SD2 and SD3 domains, and located at their tips, they sustain
extension due to the left-lateral component of slip on these principal NW–NNW faults.

More work is needed to confirm the fault organization and evolution suggested in
Figure 15, and to validate whether this architecture results from the overall propagation of
extensional faulting toward the northwest, along with a possible eastward migration of the
strain locus. Whatever it is, the architecture of the faults depicted in this study markedly
differs from the seismotectonic model proposed so far in [131], in which faulting would be
mainly related to a major low-angle, east-dipping active detachment [47,131,132]. Rather, we
show that faults are steep, paired in conjugate sets bounding grabens, and disconnected,
although forming a kinematically coherent overall fault system.

7.2. Evidence for Recent Fault Activity and Implications for Seismic Hazard

One of the most important results of this work was to document that the majority of
faults described in the study have been active over the Quaternary. Most show displace-
ments post-800 ka, and in some cases clear slips across Late Pleistocene and Holocene
deposits [59,66,69,72,83]. In addition, some of these faults show evidence of recent to
current activity. Yet, most of these seismogenic faults are not considered in the national and
local hazard evaluations. While most of the faults we identified are shorter than 35–40 km,
they may have the potential to produce strong earthquakes. Most are indeed immature
(as defined in [11]), and it has been shown that, while immature faults are shorter than
more mature faults, they produce more energetic earthquakes (i.e., larger stress drops), gen-
erating greater displacements at depth and surface [11], and stronger ground motions [14].
Therefore, it is possible that some of the faults we identified can generate one to several
meters of slip when they rupture, and large ground accelerations. Furthermore, immature
faults tend to rupture in cascade, each of their major segments rupturing individually at
successive times [5,11,126]. Such cascading earthquakes have been reported elsewhere
in Italy on other similar normal faults (e.g., [5,126]). We have shown that most of the
NW–NNW normal faults in northwest Apennines are segmented laterally in generally 3–4
major segments, each 10–15 km length. According to the available earthquake slip-length
scaling laws [11], the rupture of one of such segments might produce up to 1–3 m of slip at
the ground surface, likely accompanied with strong ground accelerations. As shown in
Central Italy, such earthquakes might have a magnitude between 6 and 7, and can follow
in close time successions [5,126].

Therefore, our study emphasizes that seismic hazard is significant in the inner north-
west Apennines and should be considered [133,134], especially as the presence of thick,
soft alluvial deposits in the Viareggio, Pisa, and lower Arno valleys [97,134] may lead to
the amplification of ground movements and accelerations. The hazard might even be more
complex as some of the seismogenic faults extend offshore where their dip-slip rupture
might generate tsunamis, as already recorded in the past in La Spezia and Livorno [135].
Onland, the large vertical slips expected in the faults might trigger significant landsliding.

8. Conclusions

Using the rich information in the literature, along with field observations we made, we
propose a reappraisal of the active fault identification and mapping in the inner northwest
Apennines. We showed that faults active in Quaternary times are numerous in the region
and dominated by NW–NNW antithetic normal faults bounding a series of disconnected
grabens. Most of the faults show evidence of Quaternary activity up to the present time.
Most of the faults identified in this work are thus likely seismogenic, i.e., potential sources
of forthcoming earthquakes. The properties of the faults are such that these earthquakes
are expected to be potentially large (Mw ≥ 6.0), to produce up to several meters of slip
at the ground surface, and to possibly occur in temporal cascades. The seismic hazard is
thus significant in the region, and even greater than expected if cascading earthquakes are
the norm.
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Therefore, our study calls for the need to evaluate in greater detail the recent activity
and the earthquake potential of the many faults we identified as potentially seismogenic.
We claim that the majority of them should be included in the Italian seismic hazard
evaluation. We hope that our work will encourage the national and regional authorities to
support the needed geological, tectonic, and seismological research studies in the inner
northwest Apennines. These should include tectonic fault analysis with remote sensing
and fieldwork, seismological recording and analysis, densification of the GPS network,
paleoseismological trenching, and fault-scarp dating, among others. These future studies
are critical to assess seismic hazard more accurately in the densely populated areas from
La Spezia to Lucca–Pisa–Livorno, which presently have low seismic protection codes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-326
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CPTI-DBMI15 databases.
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