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Abstract: In this article, we provide new biostratigraphic
and structural data of the foredeep-derived Falterona Unit in
the Arezzo area (Italy), to reconstruct the steps of evolution of
the fold-and-thrust front-foredeep Apennine system. The sedi-
mentary succession has been deposited in the N-S trending,
foredeep basin bounded westward by the Apennine orogenic
wedge and eastward by the Adria continental margin fore-
bulge. The Falterona Unit mainly consists of the Monte
Falterona Fm., a succession of Chattian-Late Aquitanian sili-
ciclastic turbidites topped by the Vicchio Fm., characterized
by Late Aquitanian-Early Serravallian slope deposits. The
siliciclastic turbidites are interbedded with debris flows and
carbonate turbidites supplied from the Apennine front and
the forebulge, respectively. The foredeep basin in which the
Monte Falterona Fm. deposited also includes the Macigno Fm.
(Tuscan Nappe), that sedimented along the westernmost edge
of the basin until its underthrusting and the subsequent
migration of the fold-and-thrust system toward E. At this
stage, the Monte Falterona Fm. has been transferred close
to the fold-and-thrust front, triggering the sedimentation of
the debris flows. In the Late Aquitanian, the Monte Falterona
Fm. has been accreted to the wedge and the sedimentation of
the Vicchio Fm. started.
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Graphical abstract
1 Introduction

Foreland basin systems are complex depositional areas
located on continental crust in front of active fold-thrust
belts at the rim of the orogenic wedges [1-3]. Foreland
systems include a foredeep depozone, a basin extending
between the fold-and-thrust belt at the tip of the orogenic
wedge, and the forebulge, a morphological high consisting
of uplifted continental crust. In this basin, large volumes of
sediments were accumulated on the continental crust, which is
subjected to flexure due to the load of the overlying orogenic
wedge. The progressive migration of the fold-and-thrust belt
results in the deformation of the sediments accumulated in the
foredeep basin by underthrusting and subsequently accretion
to the orogenic wedge. This process produces the progressive
deactivation of the foredeep basin and its consequent replace-
ment with a younger, more external one. The foredeep basins
are thus characterized by a continuous alternation of sedimen-
tation and tectonic events, as modeled by several authors [4-8].

The Northern Apennines (Figure 1) provides well-pre-
served evidence of the evolution of the frontal part of an
orogenic belt, with several examples of foredeep deposits
related to the progressive NE migration of the front of the
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Figure 1: The tectonic units in the Northern Apennines (Italy); modified from Conti et al. [9]. The red box indicates the study area (Figure 3).

Apennine orogenic wedge within the continental margin of
the Adria plate since the Early Oligocene [10-12]. The Late
Oligocene—Early Miocene foredeep deposits are preserved
in two different tectonic units, i.e., the Tuscan Nappe and
Falterona Unit. These units include turbidite deposits of the
same NW-SE trending foredeep basin, hereafter referred to
as Macigno-Falterona foredeep. These deposits, known as
Macigno Fm. in the Tuscan Nappe and Monte Falterona
Fm. in the Falterona Unit, are representative of the south-
western and northeastern areas of this basin that grew and
was deactivated at different times. The turbidites of the
Macigno Fm. were the first to be incorporated into the
orogenic wedge and the results of this event can be traced
in the Monte Falterona Fm., which was only successively
accreted to the Apennine orogenic wedge [13-15].

In this article, we present a complete set of geological,
stratigraphic, and biostratigraphic data for the Monte
Falterona Fm. in the Arezzo area. There, a well-preserved
example of tectonic-controlled depositional systems within a
single foredeep basin, that was deactivated in different
stages, is exposed. The collected data are used to propose
the tectonic evolution of the Macigno-Falterona foredeep
basin at the Oligo-Miocene boundary and to discuss it in

the wider frame of the Northern Apennine geodynamic
evolution.

2 The Northern Apennine
collisional belt

The Northern Apennines (Figure 1) is a NW-SE to NE-SW
trending collisional belt belonging to the Alpine orogenic
system of the Mediterranean area [11]. The geodynamic
history of the Northern Apennines was achieved in two
main phases. The first phase, from Late Cretaceous to
Middle Eocene, was characterized by the subduction of
the lithosphere of the Ligure-Piemontese basin, a narrow
oceanic domain opened in the Middle to Late Jurassic
between the Europe and Adria continental margins [16].
This E-dipping subduction produced the development of an
accretionary wedge whose remnants are today represented
by the Internal Ligurian Units [17-19]. This subduction
resulted in the continental collision when the European con-
tinental crust started to be underthrust [20-22] and triggered
the progressive involvement in the orogenic wedge of the
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External Ligurian Units, i.e., the fragments of the ocean-con-
tinent transition at the Adria plate margin [23,24].

The second phase started in the Late Eocene-Early
Oligocene with a new W-dipping subduction of the thinned
continental margin of the Adria plate [24,25]. From the
Early Oligocene onward, the retreat of the subduction
slab produced a progressive migration of the deformation
front toward the eastern domains of the Adria plate, with
the building up of a fold-and-thrust belt made of E- to NE-
verging tectonic units. The built fold-and-thrust belt was
facing toward the E on a foreland system that included a
foredeep basin and the associated forebulge. In the Northern
Apennines, the deposits of the foredeep basin generally
overlap the front of the fold-and-thrust belt, so that they onlap
on the tip of the orogenic wedge [26,27]. The foredeep basin
hosted a thick succession of siliciclastic turbidite deposits
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supplied by the Western and Central Alps collisional belt
[28,29]. These deposits were progressively incorporated into
the fold-and-thrust belt following the migration of the defor-
mation front. The front of the orogenic wedge produced only
small volumes of mass-gravity deposits that are now found as
intercalations within the foredeep turbidites.

The migration of the deformation front was followed
by an extension in the rear of the Apennine orogenic
wedge [30,31]. This extension produced NW-SE trending
basins whose age became progressively younger eastward.

The result of this complex structural history is the pre-
sent-day tectonic setting of the Apennine orogenic wedge
where the Ligurian Units, already deformed during the pre-
Oligocene oceanic closure, are thrust onto the tectonic units
derived from the Adria continental margin domains (i.e., the
Subligurian, Tuscan, and Umbro-Marchean Units). These

Figure 2: Stratigraphic logs of the tectonic units cropping out in the study area. ACC: Argille e Calcari Fm.; ap: Palombini Shale slide blocks; FAL1:
Monte Falco member; FAL2: Camaldoli member; FAL3: Montalto member; FAL3a and FAL3b: debris flow deposits in FAL3; FAL4: Lonnano member;
FAL4a: debris flow deposits in FAL4; MAC: Macigno Fm.; MLL: Monte Morello Fm.; SEN: Monte Senario Fm.; SIL: Sillano Fm.; SNE: Vico Flysch; srn:
serpentinite slide blocks; STO: Scaglia Toscana Fm.; VIC: Vicchio Fm. Time scale from Gradstein et al. [32].
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units were in turn deformed into an E-verging imbricated
stack during the migration of the deformation front since
the Early Oligocene. The stack of the tectonic units in the
central and western areas of the Northern Apennines was
subsequently dissected by normal faults originating during
the extensional tectonics that followed the migration of the
deformation front.

3 Geological setting of the
Arezzo area

The study area is characterized by a pile of tectonic units
stacked toward ENE (Figure 2). The lower structural levels
are represented by the Falterona Unit and the Tuscan
Nappe, both including Oligo-Miocene foredeep turbidites
in their successions (Figure 3). The tectonic contact
between these two units is represented by an NW-SE
trending thrust along which the Tuscan Nappe overlies
the Falterona Unit. Both these units are thrust by the Sub-
ligurian (Canetolo and Senario) Units and by Ligurian
Units (Morello Unit). The tectonic stack of the study
area is dissected by normal and strike-slip faults and cov-
ered by Plio-Pleistocene continental deposits filling the
Valdarno Superiore and Val di Chiana extensional basins
[33-35].

In the study area (Figure 3), the Tuscan Nappe only
includes its uppermost deposits, i.e., the Scaglia Toscana
and the Macigno Fms. W of the study area, in the Chianti
region, the base of these formations includes Late Triassic
to Cretaceous, mainly carbonate deposits [36,37]. The suc-
cession was detached from its substratum along the Late
Triassic evaporites, today represented by a cataclastic
level, known as Calcare Cavernoso. The Macigno Fm. is
the youngest formation of the Tuscan Nappe and consists
of siliciclastic turbidites ranging in age from Chattian to
Early Aquitanian [12,38,39]. The Falterona Unit includes the
Scaglia Toscana Fm. (Chattian), the Monte Falterona (Chat-
tian to Aquitanian), and Vicchio Fms. (Late Aquitanian to
Early Serravallian). This succession was detached from its
substratum along the Scaglia Toscana Fm. [14,40,41].

The Ligurian and Subligurian Units cropping out in the
study area were stemmed from the ocean-continent transition
at the Adria margin and were deformed before the Miocene
during their transfer to the Apennine orogenic wedge [42,43].

The Ligurian Units are represented in the area by the
Morello Unit, made up of deep-sea, carbonate turbidites
(i.e., Sillano and Monte Morello Fms.), ranging in age
from Campanian to Middle Eocene with debris flows and
slide deposits at its top [17].
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The Subligurian Units crop out in the area as Canetolo
and Senario Units. The Canetolo Unit is represented here
by Middle Eocene carbonate turbidites [44]. The Senario
Unit is made up of siliciclastic turbidites of the Late Eoce-
ne-Early Oligocene age, which include fragments of Early
Oligocene andesites, that can be correlated with the Aveto
Unit of the Emilian Apennines [45-47].

4 Stratigraphic features and
deformation history of the
Macigno Formation

Several stratigraphic and structural contributions were
devoted to the Tuscan Nappe in both Northern and Southern
Tuscany [9]. Overall, all the authors interpreted the succession
of the Tuscan Nappe as representative of the Late Triassic—
Early Miocene sedimentation on the Adria continental margins
during the rifting and spreading events and the subsequent
evolution from closure to the continental collision. In this
frame, the Macigno Fm. is regarded as a foredeep deposits
sedimented in front of the Apennine thrust-and-fold belt [10].

A detailed stratigraphic analysis of the Macigno Fm. in
Southern Tuscany has been provided by Ferrini and
Pandeli [48] and by Cornamusini [39,49]. According to Cor-
namusini [49], in the study area, the Macigno Fm. repre-
sents a deep-sea fan deposit characterized by a high-effi-
ciency transport system. The sedimentological evidence
and the arenite petrography indicate that the Macigno
Fm. deposits were supplied by source areas located in
the Western and Central Alps [50-53], that in the Late Oli-
gocene—Early Miocene were subjected to exhumation and
resulting high erosion rate. In the medium and upper part
of the Macigno Fm., debris flow-bearing carbonate clasts
derived from the Subligurian Units are interpreted as
derived from the deformation front of the Apennine fold-
and-thrust belt, which represented a second source of
clastic material interfering with the siliciclastic turbidites.
In the Emilian Apennines, Botti et al. [54] mapped the
Macigno Fm. and described three different members. The
age of the transition between the Scaglia and the Macigno
Fm. is Chattian in age (MNP 25a). The first member is char-
acterized by amalgamated thick beds of sandstones of Chat-
tian age (MNP 25a-b). The second member is Aquitanian p.p.
in age (MNN1) and consists of a thinning-fining upward
sequence of thick to medium beds of sandstones alternating
with thin to medium beds of siltstones and shales. The third
member includes thin beds of siltstones and fine-grained
sandstones of Early Aquitanian age (Zone MNN1). According
to Catanzariti et al. [12], the age of the top of the Macigno Fm.
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does not exceed the Early Aquitanian corresponding to
MNNI1c Subzone.

The deformation history of the Tuscan Nappe has been
mainly reconstructed in the Apuan Alps area by several
authors [55-58]. All the contributions [59-61] point to a poly-
phase evolution made by two deformation events. The first
one, generally referred to as the D1 phase, originated in the
Early Miocene by contractional tectonics leading to the
detachment of the Tuscan Nappe and its deformation by
thrusting and folding. This phase is mainly characterized by
E-verging, isoclinal folds that are associated with a slaty clea-
vage developed under very low-grade metamorphic condi-
tions at a depth of about 7km [62-64].
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During this phase, the eastern front of the Tuscan
Nappe was deformed by a km-scale, E-verging overturned
fold recognized from the Emilian Apennines to Southern
Tuscany. This fold is well exposed in the eastern rim of the
study area (Figure 3). This structure is regarded as related
to the late stage of the D1 phase and interpreted as a fold-
propagation fold connected with the main thrust at the
base of the Tuscan Nappe [60].

The second set of deformations, generally referred to
as the D2 phase, was achieved during the Middle Miocene.
This phase consists of folds with sub-horizontal axial
planes with associated crenulation cleavage. The folds
are associated with low-angle normal faults marked by

Figure 3: Tectonic sketch map of the study area and related cross-sections.
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cataclastic shear zones. This phase developed during the
main exhumation stage of Tuscan Nappe driven by contin-
uous underplating of material at the base of the Apennine
orogenic wedge and coeval extensional tectonics at a
shallow structural level [53].

Although the ages of the deformation phases are poorly
constrained for the Tuscan Nappe, the involvement in the
deformation of its youngest deposits, i.e., the Macigno Fm.,
indicates that this unit began to be deformed from the Late
Aquitanian age.

5 Methods

Field activities including stratigraphic and structural ana-
lysis were performed to reconstruct in detail the sedimen-
tary succession of the Falterona Unit, and its deformation
history. The main linear and planar structural features
were systematically collected where cross-cutting relation-
ships between different generations of structures were
observed. All the measures were plotted in stereographic pro-
jections. During fieldwork, sampling for microstructural inves-
tigation and for the study of the calcareous nannofossil assem-
blages were performed. For the latter, a total of 144 samples
were collected from several sections of the Falterona Unit (see
Supplementary materials) and then prepared as smear slides
following standard techniques [65]. Observation of smear slides
was conducted under a polarized light microscope at 1,250x.
For the time interval investigated, the regional biostratigraphic
scheme proposed by Fornaciari and Rio [66] was adopted. The
MNP-MNN biozonation is correlated with the more recent
CNO-CNM biozonation reported in Raffi et al. [67,68] and the
NP biozonation of Martini [53], together with the chronostrati-
graphic scale. Because of the reworking that affects some of the
assemblages, which can misrepresent the amounts of long-
range species (i.e., Coccolithus pelagicus, Cyclicargolithus flor-
idanus, Dictyococcites spp.), and the markers that characterize
the interval of time investigated, data were collected applying
only one routine quantitative method. Therefore, only the
marker species of the genus Sphenolithus (Sphenolithus ciper-
oensis, Sphenolithus delphix, Sphenolithus disbelemnos, Spheno-
lithus belemnos) were counted within a prefixed number of
50-100 taxonomically related forms.

6 The Falterona Unit

6.1 Lithostratigraphy

In the study area, the Falterona Unit consists of a Chattian
to Burdigalian succession up to 1,800 m thick, which
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includes the Scaglia Toscana, Monte Falterona, and
Vicchio Fms. (Figure 4). In the literature, the last two for-
mations were subdivided into members. In the study area,
the Scaglia Toscana Fm. represents the detachment level
and crops out exclusively eastward. The top of the exposed
succession is represented by the lower member of the Vic-
chio Fm., although recognized only in several scattered
outcrops. The Monte Falterona Fm. is the most prominently
exposed formation in the mapped area.

6.1.1 Scaglia Toscana Formation

The Scaglia Toscana Fm. is represented by the uppermost
Monte Filoncio member. The samples collected in this
study were all barren, whereas the ages reported in the
literature range from Rupelian p.p. to Chattian p.p.
(MNP22-MNP25b) [69]. This member, up to 150 m thick, con-
sists of medium to thick beds of varicolored shaly marls
and marls with interlayered thin beds of calcarenites.
These calcarenites can be classified as packstones with
fragments of filament-bearing calcilutites, biomicrites,
and oosparites and calpionella-bearing calcilutites. These
deposits are regarded as supplied by the uplifted forebulge
of the Northern Apennine belt. The stratigraphic contact
with the overlying Monte Falterona Fm. is sharp.

6.1.2 Monte Falterona Formation

The Monte Falterona Fm. consists of a thick (ca. 1,700 m)
deep-sea fan turbidite succession characterized by a fining
and thinning upward trend (Figure 4). From the bottom to
the top, four members were distinguished based on the
arenite/pelite (a/p) ratio showing an upward progressive
decrease.

The Monte Falco member (FAL1, Figure 4a) represents
the oldest portion of the Monte Falterona Fm. It is charac-
terized by siliciclastic turbidites settled in thick to very
thick beds of coarse-grained arenites with fine-grained
conglomerates at the base. The beds are generally amalga-
mated and groove and flute casts as well as rip-up clasts
are often observed at their base. The thickness of this
member is about 250 m.

The Monte Falco member shows a gradual transition to
the Camaldoli member (FAL2, Figure 4b). This member, up to
600 m thick, consists of siliciclastic turbidites represented by
medium to thick beds of arenites in alternation with thin beds
of siltstones and shales. The arenites are medium to coarse
grained with well-graded beds and are characterized by flute
clasts and rip-up clasts at their base. Medium to thick layer
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Figure 4: Lithostratigraphic log of the Falterona Unit reconstructed on the basis of the field observations and the field pictures of the rock types
cropping out in the study area. For the labelled field pictures see the text.
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marls, calcareous marls, and calcarenites can be observed on
some outcrops of Camaldoli members.

This member gradually passes to the Montalto
member (FAL3, Figure 4c) 800 m thick characterized by
siliciclastic turbidites of medium to thin layered beds of
fine-to medium-grained arenites topped by siltstones and
shales. Flute and groove casts as well as rip-up clasts are
present at the base of the thicker turbidite sequences. At its
top, this member includes carbonate turbidites made of
megabeds of marls that lack sedimentary structure. Within
this member, two lenticular-shaped levels of debris flow
(olistostromes) were mapped as FAL3a and FAL3b. These
latter are made of angular to subangular clasts of carbo-
nate, ranging in size from 0.5cm to 15m, set in a shaly
matrix (Figure 4d). In the FAL3a deposits, the calcilutite
and calcarenite clasts are Ypresian in age whereas those
of the FAL3b contain a Lutetian-Bartonian foraminifera
assemblage characterized by Nummulites sp. Overall, the
clasts can be referred to as successions of the Ligurian and
Subligurian Units. Slide blocks with diameters of 10-20 m
composed of marly limestones, marlstones, and calcare-
nites are also observed within the debris flow deposits.
All around these deposits, the siliciclastic turbidites are
characterized by gravity-driven intraformational pro-
cesses such as slumps (Figure 4e).

At the top of the Monte Falterona Fm., the Lonnano
member (FAL4, Figure 4f) crops out. This member, up to
150 m thick, consists of siliciclastic thin-layered turbidites
of thin layers of fine-grained arenites and thin to medium
beds of siltstones, marlstones, and shales. This member
includes debris flow deposits (FAL4a) similar to those in
the Montalto member.

Overall, the Monte Falterona Fm. can be interpreted as
formed in a depositional environment from lobe (FAL1) to
fringe lobe (FAL2, 3, and 4).

6.1.3 Vicchio Formation

In the study area, the lowermost part of the Vicchio Fm.,,
corresponding to the Fosso delle Valli member [70], crops
out. This member, about 150 m thick, is made up of marl-
stones, silty-marlstones, and calcilutites with rare thin layers
of fine-grained siltstones (Figure 4g). The characteristic of this
member is the occurrence of thin layers of volcano-derived
black cherty levels within the marlstones. Slumps, intrafor-
mational breccias, and debris flow deposits are also reported
[70]. This formation lies, with a sharp but conformable con-
tact, at the top of the Lonnano member of the underlying
Monte Falterona Fm., without evidence of an angular uncon-
formity, as also detected in the neighboring areas [70-72]. For
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this formation, an underfilled slope depositional environment
has been proposed [13,69,70].

6.2 Nannofossils dating

Calcareous nannofossil data on the Monte Filoncio member
of the Scaglia Toscana Fm. outcropping in the area are taken
from the literature [73,74]. For the basal part of this
member, the studies reported nannofossil assemblage indi-
cative of the Rupelian MNP22 Zone (Early Oligocene),
because of the occurrence of Dictyococcites bisectus, Dictyo-
coccites scrippsae, Ericsonia obruta, Reticulofenestra hillae,
Reticulofenestra umbilicus, and Sphenolithus predistentus.
The top of the member, where the reported calcareous nan-
nofossil assemblages are characterized by the absence of D.
bisectus and the presence of Cyclicargolithus abisectus
<10 ym, can be assigned to the Chattian—-Aquitanian
transition.

The Monte Falterona Fm. is dated from Chattian to
Aquitanian. Calcareous nannofossil assemblages found in
samples from different successions (Figure 5) have allowed
the recognition of zones and subzones from MNP25a to
MNN1d p.p. Zone MNP25a was recognized in the lower
part of the formation (FAL1) based on the occurrence of
S. ciperoensis in assemblage with C. pelagicus, C. abisectus,
C. floridanus, D. bisectus, D. scrippsae, and Sphenolithus
moriformis. However, Cibin et al. [75] reported an age of
FAL1 up to MNP25b Zone.

The Zone MNN1 can be attributed to FAL2, based on
assemblages containing C. pelagicus, C. abisectus, C. flori-
danus, Dictyococcites sp. (small and medium-sized speci-
mens <8 um), Discoaster deflandrei, Sphenolithus bipedis,
Sphenolithus conicus, Sphenolithus dissimilis, and S. mori-
formis. In literature, the FAL2 was reported ranging from
Zone MNP25b to Subzone MNN1d [75].

The occurrence of S. disbelemnos in assemblage with
C. pelagicus, C. abisectus, C. floridanus, Dictyococcites sp.
(small- and medium-sized specimens <8 um), D. deflandrei,
Helicosphaera carteri, Helicosphaera euphratis, S. conicus,
S. dissimilis, and S. moriformis constraints the FAL3 and
FAL4 members to the Subzone MNN1d.

The Vicchio Fm. is Late Aquitanian—Early Serravallian in
age. Calcareous nannofossil assemblages from Fosso delle Valli
member contain C. pelagicus, C. floridanus, Dictyococcites sp.
(small- and medium-sized specimens <8 um), Discoaster sp.,
H. carteri, Reticulofenestra sp. (small-sized specimens <5 pm),
S. conicus, S. dissimilis, and S. moriformis, which characterize
Zone MNN1. The low occurrence of S. belemnos (1%) in a few of
the assemblages observed also suggests the upper part of Zone
MNN2b.
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Figure 5: Microphotographs of selected calcareous nannofossil taxa recognized in the studied samples. Light Microscope photographs are in cross-
polarized light (XPL) and parallel light (PL). (a) C. abisectus, XPL; (b) D. bisectus, XPL; (c) C. pelagicus, XPL; (d) C. floridanus, XPL; (e) H. euphratis, XPL; (f) H.
carteri, XPL; (g) D. deflandrei, PL; (h) S. ciperoensis, XPL; (i) S. dissimilis, XPL; (j) S. disbelemnos, XPL; (k) S. belemnos, XPL; (I) Reticulofenestra sp., XPL.
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The turbidites close to the debris flow deposits show a
reworked nannofossil assemblage. The first reworked assem-
blage consists of Chiasmolithus gigas, Chiasmolithus solitus,
C. pelagicus, C. floridanus, Discoaster barbadiensis, Discoaster
kuepperi, Pseudotriquetrorabdulus inversus, Reticulofenestra
dictyoda, Sphenolithus cuniculus, Sphenolithus furcatolithoides,
S. moriformis, Sphenolithus orphanknollensis, Sphenolithus
radians, Sphenolithus richteri, and Zyghrablitus bijugatus. The
occurrence of S. cuniculus and C. gigas indicates a Lutetian age
(Zone CNE11). A second reworked assemblage consisting of C.
pelagicus, C. floridanus, D. bisectus, D. scrippsae, Sphenolithus
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distentus, and S. moriformis suggests a Rupelian—Chattian age
(Zone CNO4).

6.3 Deformation history

The deformation history of the Falterona Unit is coherent
with its involvement in the Northern Apennine fold-and-
thrust belt. In fact, deformation mainly consists of top-to-E/
NE thrust and associated fault-propagation folds producing

Figure 6: The structural setting in the Falterona Unit. (a) Cataclastic shear zone in the Vicchio Fm. The Riedel system suggesting a top-to-E/NE sense of shear;
(b) tight F1 fold in the Camaldoli member (FAL2); (c) stereographic projections of bedding, axial planes, and fold axis (Schmidt net, lower hemisphere) and rose
diagrams of the normal and strike-slip faults; (d) microphotographs showing the S1 foliation in the Montalto member (FAL3), parallel-polarized light; and
(e) microphotographs showing the passive rotation of detrital phyllosilicates in the Montalto member (FAL3), parallel-polarized light.
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an imbricate fan of deformed thrust sheets (Figure 3).
These thrusts are characterized by a ramp and flat geo-
metry with smooth trajectory. At the mesoscale, the thrusts
are represented by m-thick cataclastic shear zones which,
in the finer-grained rocks, are associated with well-devel-
oped Riedel systems coherent with a top-to-E/NE sense of
shear (Figure 6a). The folds associated with the thrusts are
represented by F1 tight to open folds (Figure 6b) with rare,
overturned limbs. These folds are well developed in the
sequence with high competence contrast. The fold axis
and the axial plane show directions ranging between
NW-SE to N-S (Figure 6¢). The axial planes show both
medium- to low-angle dipping, everywhere toward SW-W
even if some back-thrusts with E-SE dipping axial planes
have been recognized in the field. In the fine-grained rocks
(siliciclastic pelites and/or marls), the foliation associated
with the folds occurs parallel to the axial plane as a dis-
junctive cleavage (Figure 6d). At the microscale, the S1
foliation is represented by spaced dissolution surfaces
(Figure 6e), acquired by pressure-solution processes, and
passive rotation of detrital phyllosilicates without evidence
of metamorphic recrystallization. This evidence is sup-
ported by the illite crystallinity data that indicate for the
Falterona Unit a deformation under temperature condi-
tions pertaining to upper diagenesis [76]. The age of this
deformation history is post-Early Serravallian according to
the dating of the top of the Vicchio Fm [72].
Subsequently, the pile of thrust sheets of the Falterona
Unit was dissected by high-angle fault systems which cut
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all the previously described structures. The fault activity is
thought to have developed starting from the Pliocene,
playing a key role in the nowadays morphological configura-
tion of the Plio-Pleistocene sedimentary basin (i.e., Valdarno
and Val di Chiana basins, see Figure 3) [77-83]. The oldest fault
system is represented by normal faults characterized by a
main trend showing an NW-SE strike and a minor trend
with a WSW-ENE direction (Figure 6c). Along the fault planes
associated with this system, calcite slickenfibers can be
observed indicating down-dip kinematics. The younger system
instead consists of strike-slip transcurrent faults whose spatial
distribution reflects a well-developed Riedel structure. The
main faults show an NE-SW trend with which NNE-SSW and
ENE-WSW trending synthetic faults are associated (Figure 6c).
Such fault system is characterized by sub-horizontal striae and
calcite-rich slicken fibers indicating overall sinistral kinematics
which can be well-appreciated also at the map scale. An NW-SE
trending fault showing a dextral strike-slip kinematics was
detected thus representing an antithetic system (Figure 6c).

7 Discussion

7.1 Comparison between the Macigno and
Monte Falterona Formations

The Monte Falterona and Macigno Fms. are characterized
by thinning- and fining-upward successions of siliciclastic

Figure 7: Schematic representation depicting the stratigraphy and the tectonic relations between the Tuscan Nappe, the Falterona Unit, and the
Ligurian and Subligurian Units observed in the study area. FAL: Monte Falterona Fm.; MAC: Macigno Fm.; STO: Scaglia Toscana Fm.; VIC: Vicchio Fm.

Time scale from Gradstein et al. [32].
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turbidites interpreted as deposited in the same foredeep
basin during the Chattian-Aquitanian. These turbidite suc-
cessions are largely coeval sedimented in deep-sea fan
lobes to fringe depositional environments [14,39]. How-
ever, their sedimentary evolution shows some relevant
differences. The first is the age of the transition with the
Scaglia Toscana Fm. (Figure 7). The transition to Macigno
Fm. occurred within the MNNP25a Subzone [54], and the
transition to the Monte Falterona Fm. has been assigned to
the MNNP25b Subzone [69].

Another relevant difference is the age of the top of the
turbidites (Figure 7) that in the Macigno Fm. has been
assigned to the MNN1c Subzone, whereas the Monte Fal-
terona Fm. has provided MNN1d Subzone [12]. It is impor-
tant to outline that the entire turbidite succession of the
Macigno Fm., which spans from MNN25a to MNN1c Sub-
zones, is coeval with the first two members (FAL1 and
FAL2) of the Monte Falterona Fm., whereas FAL3 and
FAL4 were assigned to the MNN1d Subzone.

In addition, the Monte Falterona Fm. shows a sharp
stratigraphic passage to Vicchio Fm., whose uppermost
portion is Early Serravallian in age. The interpretation of
this formation is still a matter of debate, even if the char-
acterizing features are coherent with sedimentation along
an underfilled slope, immediately after the detachment of
the turbidites deposits of the Monte Falterona Fm. and its
accretion at the front of the fold-and-thrust belt [70,72]. The
Vicchio Fm. represents “draping muds” sediments charac-
terized by slumps, intraformational breccias, and debris
flow deposits indicative of intense morphotectonic
instability [84-86]. The occurrence of seep-carbonates
and calcarenite supplied by the carbonate shelf [86] also
confirms this picture.

A further difference between Macigno and Monte
Falterona Fms. is represented by the debris flow deposits
supplied by the fold-and-thrust belt (Figure 7). In the
Macigno Fm., these deposits [49,87,88] occur in the medium
and upper parts of the succession, and their age can be
regarded as Early Aquitanian. In contrast, the debris flow
deposits recognized in the Monte Falterona Fm. occur only
in the turbidites of the youngest members FAL3 (i.e., FAL3a
and b) and FAL4 (i.e., FAL4a), that bear nannofossils assem-
blages suggesting a Late Aquitanian age. The carbonate
turbidites supplied from the forebulge seem to be instead
continuous throughout the entire sedimentation of both
Macigno and Monte Falterona Fm. deposits.

These characteristics indicate for the Monte Falterona
Fm. a systematic delay in the events recognized in the
Macigno Fm., despite belonging to the same foredeep
basin. The inception of the siliciclastic turbidite sedimenta-
tion, the emplacement of the debris flow deposits supplied
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by the front of the fold-and-thrust belt, and the deactiva-
tion of the foredeep sedimentation seem to occur first in
the Macigno Fm. and later in the Monte Falterona Fm.

The tectonic events that followed the turbidite sedimen-
tation represent a further, relevant difference between the
Macigno and Monte Falterona Fms. Structural analysis per-
formed on the Falterona Unit allowed us to reconstruct a
deformation history typical of the shallower crustal levels.
Also, micro- to meso-scale structural features documented
in the Falterona Unit, ie. the NE-verging thrusts and the
related fault propagation folds, and the missing metamorphic
crystallization clearly suggest that its tectonic history devel-
oped by frontal accretion to the Apennine fold-and-thrust
belt. Such structural evolution, which was reconstructed
also in surrounding areas by several authors [38,89,90],
resulted from the progressive eastward migration of the
wedge-foredeep system. In contrast, the topmost turbidite
deposits of the Tuscan Nappe (Macigno Fm.) show a different
deformation history, even if sedimented in the same foredeep
basin. In fact, the Tuscan Nappe was involved in a polyphase
structural evolution developed under pressure and tempera-
ture anchizone conditions [91] which is regarded as reflecting
underthrusting, underplating, and subsequently exhumation
at shallow structural levels at the base of the Apennine oro-
genic wedge [59,60,76,92]. Overall, our findings outline that
the Falterona Unit and the Tuscan Nappe, even if derived
from the same foredeep basin, recorded a different tectono-
sedimentary evolution which will be described in the next
section.

It is important to outline that the Falterona Fm. has
been correlated with the Modino and Cervarola Fms. from
Tuscan-Emilian Apennine, both including a thick succes-
sion of siliciclastic turbidites of Early Miocene age.
However, the Modino Fm. is regarded as sedimented in a
wedge-top basin [93,94], i.e., a completely different geody-
namic setting from the Falterona Fm. The Cervarola Fm. is
instead characterized by Chattian (NP25 Zone) to Burdiga-
lian (MNN3b Zone) turbidite succession interpreted as sedi-
mented in a foredeep basin [12]. According to these authors,
these ages indicate that the Cervarola and Falterona Fms.
belonged to two separate turbidite systems, characterized
by similar facies associations but with different ages of fore-
deep deactivation.

7.2 Reconstruction for the Macigno-
Falterona foredeep

The collected data were used to propose a reconstruction of
the tectono-sedimentary history of the Macigno-Falterona
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foredeep basin (Figure 8). As previously stated, all the col-
lected data indicate that Macigno and Monte Falterona
Fms., even if largely coeval and belonging to the same basin,
show relevant stratigraphic differences, mainly consisting in
the ages of the top of the turbidite, the stratigraphic position
of the debris flow deposits, the age of the topmost deposits
and the contrasting deformation history.

The reconstruction of the tectono-sedimentary history
started in the Chattian (Figure 8a) when the turbidites from
Macigno and Monte Falterona Fms. were deposited in the
same foredeep basin, as suggested by the large overlap of
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their ages and their sedimentation over the same sub-
strate, i.e., the Scaglia Toscana Fm. The sedimented turbi-
dites were supplied from the N by the Alpine belt and
channeled within the Apennine foredeep. The latter was
bounded westward by the Apennine thrust-and-fold belt
and eastward by the forebulge, where the carbonate sedi-
ments of the Adria continental margin were uplifted. At
this time, the Apennine thrust-and-fold belt was made up
of Ligurian and Subligurian Units, mainly represented by
Jurassic ophiolites and Cretaceous to Oligocene sedimen-
tary successions. The boundary between this belt and the

Figure 8: 2D tectonic sketch showing the evolution of the Northern Apennine foredeep in four steps: (a) Chattian-Early Aquitanian and (b) Late

Aquitanian; (c) Burdigalian-Early Serravallian and (d) Late Serravallian.
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Macigno-Falterona foredeep basin is represented by an
active, E-verging frontal thrust. In this frame, it is impor-
tant to outline that the age of the base is slightly different in
the Tuscan Nappe and Falterona Unit, i.e., MNN25a and
MNN25b Subzones, respectively. This evidence suggests
that during the Chattian a progressive overlap of the tur-
bidites from the Macigno-Falterona foredeep depozone
toward the forebulge occurred. The turbidite sedimenta-
tion in the foredeep extended from Chattian to Early Aqui-
tanian (MNN1c Subzone). During this time span, debris
flow deposits only occurred in the Macigno Fm., whereas
they are lacking in the oldest members of the Monte Fal-
terona Fm. (FAL1 and FAL2). This occurrence implies that
at this time the area where the turbidite from Tuscan
Nappe sedimented was close to the front of the thrust-
and-fold belt. This front was affected by active tectonics
and consequently able to provide the debris flow deposits
recognized in the Macigno Fm.

The main change in the Macigno-Falterona foredeep
occurred in the MNN1d Subzone of Late Aquitanian (Figure
8b) when the sedimentation of the Macigno Fm. stopped
and the succession of the entire Tuscan Nappe underthrust
below the orogenic wedge, while the sedimentation of the
turbidites of the Monte Falterona Fm. was still active. This
finding can be explained by the eastward migration of the
frontal thrust that moved not at the eastern border of the
Macigno-Falterona foredeep basin but inside it. The frontal
thrust thus cut the same foredeep basin in two different
sectors that subsequently followed different evolutions.
The westernmost area of the foredeep, corresponding to
Macigno Fm., was subjected to underthrusting below the
orogenic wedge, while the easternmost one, corresponding
to the Monte Falterona Fm., remained undeformed and
able to receive further turbidite deposits (Figure 8h). As
a consequence, the area of sedimentation of the Monte
Falterona Fm. was translated close to the front of the
thrust-and-fold belt, hosting the sedimentation in the
Late Aquitanian of the debris flow deposits recognized in
the FAL3 and FAL4 members.

This frame is further modified in the Late Aquitanian
when the sedimentation of the Vicchio Fm. started.
According to Pizziolo and Ricci Lucchi [70] and Di Giulio
et al. [40], the sharp contact between the Monte Falterona
and Vicchio Fms. corresponds to a sudden bathymetric
change. This change is probably the result of the frontal
accretion of the Falterona Unit, that occurred when the
Scaglia Toscana and Monte Falterona Fms. succession
was detached at its base by a thrust, incorporated at the
front of the orogenic wedge, and subsequently covered by
the slope deposits of the Vicchio Fm. This event was fol-
lowed by the development of a new foredeep basin, located
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eastward inside the Adria continental margin, and repre-
sented by the Marnoso-Arenacea Fm. [95]. From this
moment, the turbidite sedimentation in the Macigno-Fal-
terona foredeep basin was completely deactivated. The
frontal accretion of the Falterona Unit did not produce
any pervasive deformation but only an uplift of its succes-
sion. This uplift was associated with a sudden break of the
siliciclastic turbidites sedimentation, which became con-
fined in the new foredeep basin.

During the sedimentation of Vicchio Fm., which lasted
until the Early Serravallian (Figure 8c), the Tuscan Nappe
was under deformation at a depth of about 7 km at the base
of the Apennine orogenic wedge. Finally, further migration
of the Apennine fold-and-thrust belt occurred in the Lan-
ghian, recorded by the D1 phase deformation of the Fal-
terona Unit that was achieved during its thrusting by the
Tuscan Nappe and the overlying Ligurian Units (Figure 8d).
In the Tuscan Nappe, this event corresponds to the late
stage of the D1 phase. Probably at the end of the Miocene,
the entire pile of tectonic units experienced a further exhu-
mation thus achieving the present-day structural setting.

8 Conclusions

The collected data on the Falterona Unit were used to pro-
pose a new reconstruction of the tectonic evolution of the
Late Oligocene-Early Miocene Apennine foredeep. Our
reconstruction indicates that until the Early Miocene
(MNN1c Subzone) the siliciclastic turbidites of the
Macigno and Monte Falterona Fms. belonged to the same
foredeep basin. In the Late Aquitanian, the Macigno Fm.
was underthrust at depth below the orogenic wedge while
the sedimentation of the Monte Falterona Fm. continued
up to the Late Aquitanian (MNN1d Subzone). Subsequently,
also the Monte Falterona Fm. was accreted at the front of
the Apennine fold-and-thrust belt and then underthrusts at
the base of the orogenic wedge, but at a shallower level
than that reached by the Macigno Fm.

This model indicates that the deactivation mode of the
Apennine foredeep occurred by the eastward, progressive
shifting of the frontal thrust that migrated within the fore-
deep basin itself and not at its boundary. This type of
tectonic evolution seems to be repeated during the entire
evolution of the Apennine belt and should be taken into
account when deciphering the tectonics of the foredeep of
this belt elsewhere.
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