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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).
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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.
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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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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].
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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.
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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.
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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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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.
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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).
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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



Geosciences 2021, 11, 125 26 of 30

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.
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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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