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Abstract: A geological survey at the 1:10,000 scale was performed in the Farma River Valley, the central part of the late
Palacogene—Quaternary Monticiano-Roccastrada metamorphic core complex (MRMCC), Tuscany, Italy. The area is subdi-
vided by complex first-order faults into tectono-stratigraphically homogeneous subzones, characterised by distinctive Car-
boniferous lithofacies and by late Palacogene—Quaternary deformation and metamorphism. The uniform stratigraphic base
is formed by a condensed interstratification of carbonous mudstones, fine-grained greywackes and cherts (late Emsian—
early Tournaisian), which were deposited in a shallow epicontinental starved basin. Subsequent extensional fragmentation
produced coeval, predominantly siliciclastic depositional areas. The sediments form progradational highstand systems tracts
above a downlap surface, which represents the floor of the shelf, the lower slope, the base of the slope and the margin of the
basin floor. The mobilisation of the sediments via tempestite-turbidite cycles was probably triggered by a hothouse pulse,
related to the Hangenberg Crisis. The coeval units created were covered uniformly by regressive, littoral-deltaic and conti-
nental siliciclastics (Permian to middle Triassic) and subsequently formed the substrate of the Mesozoic, transgressive, pas-
sive margin deposits of the Adriatic microplate. Oligocene to Miocene thrusting- and subduction-related tectonic burial to a
depth of ca. 25 km, followed by Miocene to Pliocene extensional exhumation, was controlled by several shear zones, includ-
ing the reactivated Carboniferous normal faults mentioned above. This resulted in the formation of closely spaced interfering
metamorphic core complexes. Post-Messinian oroclinal bending caused the intense fragmentation of the subzones. The
Farma River Valley is interpreted as the geomorphological expression of exhumed tear faults, which were part of the fracture
system controlling the late Tortonian—Quaternary eastward-migrating Tuscan Magmatic Province.

Kurzfassung: Vom Farmatal, dem zentralen Teil des jungpaldogenen-neogenen Monticiano-Roccastrada metamorphen
Kernkomplexes, ist eine geologische Karte im MalBstab 1:10.000 erstellt worden. Das Gebiet wird von komplex gebauten
Hauptstérungen in tektono-stratigraphisch homogene Subzonen unterteilt, die charakterisiert sind durch spezifische karbon-
zeitliche Lithofazien und darauf zuriickzufiihrende spezifische jungpaldogen-quartérzeitliche Deformation und Metamor-
phose. Den homogenen stratigraphischen Sockel bildet eine kondensierte Wechselfolge bitumindser Ton- und Siltsteine,
feinkorniger Grauwacken und Kieselschiefer (Oberes Ems—Unteres Tournais), die in einem flachen, epikontinentalen Be-
cken mit stark reduziertem Sedimenteintrag abgelagert worden sind. Durch seine nachfolgende, von Extensionsbriichen
gesteuerte Segmentierung entstanden zeitgleich bestehende Ablagerungsrdume, gekennzeichnet durch vorwiegend silizikla-
stischen Eintrag. Bei Meeresspiegelhochstand progradierten diese Sedimente auf den Schelf, den unteren Kontinentalab-
hang und den Rand der Beckenebene. Die Sediment-Mobilisierung via Tempestit-Turbidit-Zyklen wurde vermutlich durch
eine kurzdauernde klimatische Heifphase initiiert, die mit der Hangenberg-Krise korreliert ist. Die Formationen wurden
einheitlich von regressiven, littoral-deltaischen und terrestrischen Siliziklastika iiberlagert. AnschlieBend erfolgte ihre Inte-
gration in den Sockel der meso-kénozoischen, transgressiven Ablagerungen am passiven Rand der Adriatischen Mikroplatte.
Oligozine bis friilhmiozine Uberschiebungen und durch Subduktion gesteuerte tektonische Versenkung bis ca. 25 km Tiefe,
gefolgt von mio-pliozéner extensionsbedingter Exhumation waren von mehreren Scherzonensystemen gesteuert; wie z. B.
den reaktivierten, oben genannten karbonzeitlichen Abschiebungen. Daraus entstanden die interferierenden, nahe aneinan-
der grenzenden metamorphen Kernkomplexe des Monticiano-Roccastrada Gebietes. Wihrend der Bildung der pliozin-
quartiren nordapenninischen Orokline kam es zu einer intensiven Zerblockung der Subzonen. Das Farmatal wird interpre-
tiert als geomorphologischer Ausdruck exhumierter Transferstérungen, die Teil des Bruchsystems waren, welches die
Ausbreitung der nach Osten migrierenden Toskanischen Magmenprovinz steuerten.

Keywords: Tuscan Palaeozoic, Carboniferous extensional basin, Hangenberg Crisis, late Palacogene—Quaternary closely
spaced interfering metamorphic core complexes, reactivated faults, oroclinal bending

Schliisselworter: siidtoskanisches Jungpaldozoikum, karbonzeitliches Extensionsbecken, Hangenberg Krise, jungpaldogene-
quartérzeitliche, interferierende, nahe aneinander grenzende metamorphe Kernkomplexe, reaktivierte Storungen, Orokline

*Address of the author:
HeBstralle 96, Munich, Germany (hubertengelbrecht@umweltgeol-he.de)

© 2025 E. Schweizerbart’'sche Verlagsbuchhandlung, Stuttgart, Germany www.schweizerbart.de
DOI: 10.1127/zdgg/0494 1860-1804/0494 $12.60

20260515-211620
F4/23/A8ACO0FE



2 Hubert Engelbrecht

1. Introduction

The architecture of orogenic interiors is often complex be-
cause of protracted deformation produced over millions of
years. Consequently, the structural style of these internal
provinces may be difficult to unravel. However, detailed
geological mapping of these settings provides decisive infor-
mation, which helps to reconstruct the local geological his-
tory. This paper presents a detailed geological map of a large
part of the Farma River Valley (see Electronic Supplement).
It is a geological key area in the central part of the Monti-
ciano-Roccastrada metamorphic core complex (MRMCC) in
SW Tuscany (Northern Apennines, Italy).

The history of creation of the map at a 1:10,000 scale
took many years. It started in 1979 with an EU-funded anti-
mony prospection (Dehm et al. 1983) in Southern Tuscany,
carried out in the Department of Geochemistry and Science
of Ore Deposits, hosted in the Institute of General and Ap-
plied Geology, Ludwig Maximilians University in Munich,
Germany. This project included a geological survey in the
MRMCC with the aim to identify and map Early Palacozoic
formations. It was expected that they probably contain relics
of time- and strata-bound stibnite mineralisations, which
might have been the source of late Neogene epigenetic epi-
zonal hydrothermal Sb,S;-pocket-ores. The latter occurred at
the eastern and northern margins of the MRMCC and were
mined (Miiller & Klemm 1989).

Independently, I carried out the geological survey in the
Farma River Valley — covering ca. 30 km? — from 1985-1990
and, after a long interruption, again since 2013. The explora-
tion of this area was seen as ideally suited to reveal the for-
mation and geological structure of the MRMCC. The current
state of the geological exploration of the Farma River Valley
is provided herein. Because of restrictions on the precision
of the observations, the interpretations provided below
should be regarded as advanced, although non-conclusive
yet.

The geological map of the Farma River Valley (see Elec-
tronic Supplement) comprises an area occupied by the river
loops present between the Ponte di Torniella at the western
margin of the MRMCC and the Ponte di Petriolo at its east-
ern boundary. The valley displays over a linear distance of
13 km a conspicuous general west—east direction. This pecu-
liarity will also be explained here because a comparable geo-
morphological element is absent in regions such as the Ap-
uan Alps and Pisan Mountains to the north or the Monte Le-
oni to the south of the MRMCC; these regions are considered
to be geological equivalents of the latter (Fig. 1).

Pyrite, stibnite, quartzous sand, lignite and travertine
were mined in the Farma River Valley in the first half of the
20" century (Stea 1971; Tanelli 1983); kaolin and alum ore
(Sammuri & Scapigliati 2022), as well as hydrothermal en-
ergy (Capezzuoli & Gandin 2005), are actually utilised at its
western and eastern boundaries, respectively.

2. Geological setting

The working area is positioned in the central part of the late
Palacogene—Neogene low- to medium-grade MRMCC. To-
gether with other discretely exhumed geological equivalents,
it forms the Mid-Tuscan Ridge: an asymmetric, nonuniform
bent arc, which marks the eastern boundary of the internal
zone of the late Palacogene—Neogene Northern Apennines
fold-thrust belt (Boccaletti et al. 1987; Carmignani et al.
1996). This belt, which measures ~ 460 km along strike, de-
veloped in a back-arc setting at the Adriatic suture (Doglioni
etal. 1991) and is confined between the orogenic segments of
the Maritime Western Alps/Ligurian Knot and the Central-
Southern Apennines (Vai 2001). The simplified structural zo-
nation of the nappe edifice is illustrated in Fig. 1. The internal
zone is the emerged, easternmost part of the North Tyrrhenian
rift basin (Vannoli et al. 2021). Its recent geotectonic state has
been described in detail by Brogi et al. (2005, cum lit.), Fi-
netti (2006, cum lit.), Pascucci et al. (2007, cum lit.), Bellani
(2018, cum lit.), De Franco et al. (2019, cum lit.), Liotta et al.
(2021, cum lit.), Sillitoe & Brogi (2021, cum lit.); these in-
vestigations revealed that this part of the fold-thrust belt has
undergone intense extension since the late Palacogene.

Meso-Cainozoic geodynamic development: Mentioned
tectonic nappes, which constitute the Tuscan mainland, are
assigned to different lithofacial domains and correspond to
oceanic (Ligurian) and epicontinental (Subligurian, Tuscan
and Umbromarchean) depositional environments of the
west-Mediterranean Neotethys, established between the
Corsica-Sardinia and Adria microplates (Molli 2008). Their
relative motions were constrained by the drifting directions
of the encircling megaplates of Gondwana and Europe
(Stampfli 2005; Le Breton et al. 2017). The orogenic cycle
comprised the development, transformation and destruction
of the abovementioned depositional realms (Fig. 2):

— Triassic to early Cretaceous divergence: The deposition
of deepening-upward, onlapping first-order sequences onto
the passive margin of the Adria microplate (Umbromar-
chean, Tuscan and Subligurian units) occurred, as well as the
formation of the Ligurian oceanic crust and deposition of its
pelagic cover sediments since the Dogger (Carmignani et al.
2001).

— Late Cretaceous to early Eocene: The convergence of
both microplates via the oceanic subduction of the Ligurian
crust below the Adria microplate occurred and the deposition
of orogenic clastics in the trench began (Boccaletti et al.
1980; Stampfli 2005).

— Late Eocene to early Oligocene: The onset of the conti-
nental collision of the mentioned microplates and progres-
sive subduction polarity reversal occurred (Malusa et al.
2015).

— Middle Oligocene to early Miocene: The eastward drift
of the Corsica-Sardinia microplate, the continental subduc-
tion of the Adriatic lithosphere below the Corsica-Sardinia
microplate and the beginning of the delamination of the
lower plate occurred. The rollback of the Adriatic slab re-
sulted in upwelling of the asthenosphere and the onset of
back-arc extension, gravitational collapse and the thinning of
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magmatic rocks: outcropping / covered (detected by
geomagnetic survey).
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Allochthonous units of the Oligocene to Quaternary formed
N-Apennine fold-thrust belt:
[ELigurian-Subligurian
Meso- to Cenozoic non- to very low grade
-Tuscan metamorphic units.
[ Jumbromarchean

I Tuscan L-Oligocene to E-Pliocene low to intermediate grade metamorphosed
core complexes / covered by Neogene/Quaternary sediments.

Allochthonous units of the Eocene formed Alpine fold-thrust belt:

[[JJurassic to Cretaceous, glaucophane-lawsonite- and eclogite-facial Ligurian and Penninic units as well as
parts of their substratum (Brianconnais).

Symbols and abbreviations:

—— Normal fault and wrench fault of 1. and 2. order. Short dash marks hangingwall.

=~ Partially covered thrusts of 1. and 2. order; inverted in the internal zone. Triangle marks hangingwall.
_— Undifferentiated geological boundary. == = Transversal-Lineament (L).

.—. Axis of the Mid Tuscan Ridge (MTR). === Farma River Valley.

BML: Belforte-Monteriggioni-L.; MRZ: Monticiano-Roccastrada Zone; FTB: Fold-thrust belt.

Fig. 1: Structural setting of the Northern Apennines fold-thrust belt. Ages indicate late Miocene to Pliocene compressive events, which
were derived from seismically or stratigraphically determined unconformities present in deformed Neogene basins (Engelbrecht 1997b,
cum lit.; Bonini et al. 2014).
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Fig. 2: Scheme representing the relationship between the Ligurian and Tuscan units of the internal zone and their Mesozoic and Cainozoic
deformation phases (see text): Late Cretaceous—early Miocene tectonic stacking of the units via compression and thrusting, followed by
Miocene—Quaternary multiphase extension, intermitted by short phases of compression. Decollement horizons developed in zones of crus-
tal weakness, e.g. ophiolites and late Triassic evaporites. Abbreviations: LN — Ligurian nappe; LN1 — Ophiolite unit; LN2 — Santa Fiora
unit; LN3 — Canetolo unit; TN — Tuscan nappe; TN1 — Late Triassic evaporites; TN2 — Late Triassic-Cretaceous carbonate and siliceous
deposits; TN3 — Late Cretaceous—early Miocene turbidites; TMU — Tuscan Metamorphic units (Palacozoic—Eocene). Additional symbols:
yellow: Neoautochthonous graben deposits of late Miocene—late Pliocene age; red line: low-angle normal fault of middle Miocene age.
Modified from Liotta (2002) and Brogi et al. (2014).
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Fig. 3: General view of the Tuscan metamorphic units. Main structural, palacotectonic and palacogeographical data and relations. (a) Geo-
graphic overview. (b) Tuscan metamorphic units, late Neogene—Quaternary magmatites, drill sites and working area. Grey: metamorphic
units (Cambrian—late Oligocene sediments, including Ordovician, Lopingian and middle Triassic volcanics), relics of the Tuscan nappe and
subordinately Neogene and Quaternary cover. Dark grey: working area. Abbreviations: F. — Fiume (river); T. — Torrent. Triangle with verti-
cal rod: drill site. Some igneous, metamorphic and maximum depositional ages are given according to Borsi et al. (1967a), Borsi et al.
(1967b), Di Sabatino et al. (1978), Del Moro et al. (1982), Bertini et al. (1994), Brunet et al. (2000), Rossetti et al. (2008), Musumeci et al.
(2011), Bonini et al. (2014), Lo Po et al. (2015, 2018), Bianco et al. (2015, 2019), Papeschi (2015 cum lit.), Papeschi et al. (2020, 2022),
Sirevaag et al. (2016), Paoli et al. (2016), Fulignati (2018), Vezzoni et al. (2018) and Ryan et al. (2021). Green semicircle and dot: geomet-
ric centre of the oroclinal arc comprising the southernmost part of the Mid-Tuscan Ridge. (¢) MRMCC, dissected into subzones by trans-
versal lineaments. Black: Late Palacozoic units (Devonian—Carboniferous). Hatchings with numbers: tectono-stratigraphic homogeneous
subzones [-1V: areas with differing degrees of tectonic deformation and metamorphism, consisting of Late Palacozoic to late middle Trias-
sic siliciclastics, covered by very low-grade to non-metamorphosed late Triassic evaporites, carbonates, siltstones, Miocene tectonic brec-
cias and Pliocene to Quaternary sediments. V-signature: rhyolites of Torniella-Roccastrada (2.3-2.5 Ma). (d) Relevant geographical sites
of the working area. Grey: mapped part of it. Abbreviations: F. — Fosso; T — Torrent; P — topographic reference point.
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6 Hubert Engelbrecht

the internal part of the Apenninic fold-thrust belt (Carmig-
nani et al. 2001; Vignaroli et al. 2009; Tavarnelli et al. 2021).

— Middle Miocene to Recent: Ongoing Adriatic slab re-
treat caused the eastward migration of a paired compres-
sional-extensional front, where the thrust front is closely fol-
lowed by an extensional deformation front: compression
generated basement-involved, thick-skinned, far-travelled,
rootless nappes, whose transport was controlled by zones of
crustal weakness, present in the stratigraphy as incompetent
lithologies and in the tectonic structure as palaeotectonic
faults separating differing depositional systems (Kligfield
1979; Tavarnelli 1996; Engelbrecht 1997a; Cosentino et al.
2010). Extension resulted in the origin of the North Tyrrhe-
nian back-arc basin (Loreto et al. 2021), the continued thin-
ning of the internal part of the fold-thrust belt and eastward-
migrating magmatism (Rossetti et al. 2008; Poli & Peccerillo
2016). Thinning first occurred via low-angle normal faults.
This led to the unroofing and lateral segmentation of Meso-
Cainozoic Tuscan and Ligurian units above late Triassic
evaporites and stratigraphic gaps (‘serie Toscana ridotta’), as
well as footwall uplift and the surface emergence of meta-
morphic core complexes (Signorini 1947; Brogi et al. 2005;
Brogi 2008; Barchi 2010; Bonini et al. 2014). The dip direc-
tions of the mentioned low angle normal faults were oriented
perpendicular to the NW-SE strike direction of the uplifting
metamorphic chain. Since the latest middle Miocene, an
eastward-younging horst and graben system, fanning out
southeastward, with vertical throws up to several km, devel-
oped (Martini et al. 2001; Pascucci et al. 2007). Short com-
pressive pulses between the late Miocene and Pliocene de-
formed peripherally the basin fills of the internal zone
(Bonini et al. 2014; Viola et al. 2018).

Metamorphic core complexes, as defined by Platt et al.
(2015) and Roche et al. (2018), originated in the inner zone
via forelandward-propagating extensional pulses/events,
caused by exhumation in the early Oligocene, early Miocene
and Messinian to early Pliocene. These events occurred with
an eastward-younging trend, and their peaks of subduction-
related metamorphism decreased from (U)HP-LT grade in
the Eocene-Oligocene to HP-LT grade in the Neogene (Vign-
aroli et al. 2009). Their regional distributions are illustrated
in Fig. 3. The core complexes are interpreted as interfering
metamorphic core complex chains, as defined by Tirel et al.
(2009), because they share a shear zone established in late
Triassic evaporites and formed above a lower crust and sub-
Moho mantle of very low strength.

The post-Messinian partitioning of the Adriatic-Ionian
slab caused belt-parallel compression, the oroclinal bending
of parts of the longitudinal ridges of the Northern Apennines
and the development of transfer faults (Lucente & Speranza
2001; Lucente et al. 2006; Viti et al. 2015; Lo Bue et al.
2021). This bending caused additional tectonic deformation
in the internal zone and the curvature of the southernmost
quarter of the Mid-Tuscan Ridge. The MRMCC is positioned
at the apex of this arc, where its general strike direction turns
in its southern quarter over a short distance of 30 km by 75°
from Apenninic (NW) to ca. anti-Apenninic (NNE) direc-
tions.

The Palaeozoic history of the substratum of the working area
is only briefly summarised because of the extreme complex-
ity of the processes which acted near the boundaries separat-
ing the megaplates Gondwana and Europe.

The substratum, on which the geological formations in
the working area were deposited, belongs to the Adria Mi-
croplate. During the late Ordovician, it formed a constituent
of the eastern part of the northern Perigondwanan shelf, ad-
jacent to the Armorican Spur (Stephan et al. 2019). Silurian
closure of the Rheic Ocean, back-arc spreading and opening
of the Palaeotethys caused rifting of the Adria Microplate
from its mainland and its northward drift along with other
terranes. Late Devonian—Pennsylvanian convergence and
continental collision resulted in the integration of the Adria
Microplate into the southern part of the European Variscides,
made up of a complex amalgamation of Gondwana-derived
terranes (Stampfli 2005; Sirevaag et al. 2016). Late Palaeo-
zoic gravitational collapse of orogenically thickened crustal
parts caused the formation of extensional basins. The filling
history of one of these basins is described below.

3. Previous work in the Farma River Valley

Geological investigations in the Colline Metallifere, which
include the Farma River Valley, go back many centuries and
were initiated by the exploration of raw materials (Sammuri
& Pantaloni 2018). The identification of strata of Carbonif-
erous age in the Farma River Valley entailed the ‘Sondaggio
del Belagaio’ borehole, which was carried out in 1941 to ex-
plore hard coal seams; however, the drill was unsuccessful
(Redini 1942; Novarese 1946; Lazzarotto & Moretti 1973).
Redini (1958: 611) recognised a bipartition of Carboniferous
coeval marine clastic deposits in the Farma River Valley:
strata representing shallow water environments occupy the
western region and those representing deep water environ-
ments crop out in its eastern region. He stated a gradual pas-
sage upward into the Verrucano Group. Cocozza (1965) con-
firmed via macrofossil and microfossil determinations the
age attribution given by Redini but postulated a late Hercyn-
ian compressive event and thus a tectonic unconformity sep-
arating the Carboniferous formations from the Verrucano
Group of late Permian to early Triassic age. Consequently,
Cocozza et al. (1974) interpreted the Carboniferous forma-
tions as flysch and molasse deposits (Farma and Carpineta
formations): relics of an intensely folded foreland basin fill.
This was specified by Cocozza et al. (1975), Azzaro et al.
(1976), Cocozza et al. (1978) and Cocozza et al. (1987); the
Carboniferous dichotomy ascertained by Redini (1958) was
rejected. Refined palaeontological investigations further
constrained the Carboniferous ages attributed to the late
Moscovian Farma Formation, the Viséan—late Moscovian
Carpineta Formation and the Moscovian Sant’ Antonio
Limestone Formation and equivalents (Pasini 1978a, b; Pas-
ini 1979a, b; Pasini & Winkler Prins 1981; Pasini & Vai
1997).

Costantini et al. (1988), however, re-established the bi-
partition of the Late Palacozoic units in the working area and
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postulated a shallow west-dipping major thrust. It separates
two tectonic and lithofacial subunits, in which several Her-
cynian and Alpine compressive events were thought to have
occurred. The internal subunit, containing shallow marine
early Mississippian strata (Poggio al Carpino Formation),
was interpreted to be thrust eastward onto the external subu-
nit with deep marine deposits of a Carboniferous foreland
basin; see also Conti et al. (1991) and Musumeci et al.
(2011). Thus, the finding of Signorini (1967), confirmed by
Lazzarotto & Moretti (1973), that the fault juxtaposing the
two subunits consists of a steeply east-dipping normal fault
offsetting east-directed thrust surfaces was rejected.

Engelbrecht (1997a) agreed on the abovementioned sub-
division into subunits, which, however, he found to be sepa-
rated by steep, complex faults, offsetting late Palacogene—
early Neogene thrusts. Instead of Hercynian deformation,
intense Alpine contractional deformation was recognised in
the Palacozoic formations. The stratigraphic successions of
the subunits start with a condensed uniform base, consisting
of the Risanguigno Formation (Bagnoli & Tongiorgi 1979)
of Emsian to probable early Tournaisian age. It is overlain
with erosive unconformities by the coeval Poggio al Car-
pino, Carpineta and Farma formations. These are interpreted
as a storm-influenced Carboniferous tempestite-turbidite
megasequence deposited on the shelf, slope and at the mar-
gin of the basin floor of an epicontinental extensional basin.
The megasequence is covered by regressive, shallow marine
Permian siliciclastics (Civitella Marittima Formation) and
the siliciclastic Verrucano Group.

Spina et al. (2001) reported that palynomorphs sampled
in the Poggio al Carpino Formation are Guadalupian—Lopin-
gian in age. The resulting stratigraphic gap downward to the
Risanguigno Formation was seen as an emersion uncon-
formity (Lazzarotto et al. 2003; Decandia et al. 2004). Engel-
brecht (2008) specified that the deposits of the mentioned
extensional basin, interpreted by him as Carboniferous failed
rift filling, were generated by highstand-shedding and that
patches of late Gzhelian to Asselian Fusulina Limestone
(Pasini 1991) were present; they were partially redeposited
in the Verrucano Group.

Aldinucci et al. (2008a) and Spina et al. (2021) reported
that sporomorphs sampled in the Farma and Carpineta for-
mations are Guadalupian—Lopingian in age. Capezzuoli et
al. (2021) stated that palynomorphs sampled in the Risan-
guigno Formation are of early—middle Mississippian age.
Brogi et al. (2023: 17-20, Fig. 14) postulated a uniform and
homogenised, isochronous hiatus that separates the men-
tioned Guadalupian—Lopingian formations from the Verru-
cano Group (middle to early late Triassic).

Giuntoli & Viola (2022) determined the peak P-T condi-
tions to which a mesoscopic compressive duplex structure
(Casini et al. 2007) of the internal subzone was subjected
during Eocene-Oligocene subduction: 1.1 GPa and 350 °C,
thus confirming the results of Brogi & Giorgetti (2012).

Further interpretations of the geological ages and palaeo-
tectonic development of the units are given in meta-analyses
by Perrone et al. (2006), Cassinis et al. (2012), Cassinis et al.
(2018) and Molli et al. (2020).

4. Methods

The Farma River Valley was surveyed by applying the clas-
sic methods described in Compton (2017). Several topo-
graphic maps of the Istituto Geografico Militare (Florence)
were used for localisation. A GPS handheld device was also
used. Tectonic measurements were collected with a geologi-
cal compass (Clar type). Terminologies concerning sedi-
ments and tectonic elements follow those of Miall (2010)
and Ramsay & Huber (1987), respectively. The geological
observations were annotated in several data books and later
transferred to drafts of preliminary map parts. The digital
compilation of the latter and the final preparation of the map
and stratigraphic profile were accomplished with the graph-
ics program Adobe PhotoDeluxe Business Edition 1.

5. Stratigraphic succession

The formations are described from the tectono-stratigraphi-
cally homogeneous subzones I-1I, which are characterised
by distinctive Carboniferous lithofacies. The subzones are
separated by a major fault, attributed to the Arbia lineament
(Liotta 1991; Brogi et al. 2014). Their lithostratigraphic suc-
cessions are detailed below (Fig. 4).The stratigraphic fea-
tures of formations cropping out in subzone III are not dealt
with below, and will be presented in a forthcoming contribu-
tion. Remark: Subduction-related glaucophane schist meta-
morphism generated pre-Carnian metasediments. In order to
avoid unnecessary repetitions, the prefix ‘meta’ is omitted in
the following section.

Tuscan metamorphic units
Mesozonal metamorphic units
Monticiano-Roccastrada Unit

5.1 Risanguigno Formation (late Emsian
to early Tournaisian) (ex Boccheggiano
Formation)

The lithologies present are chert, lydite, thin-layered marble,
black coloured, in places nodular limestones, black shale,
pyritiferous alginite-bituminite, arenaceous clay schist, dark
grey siltstone and fine- to medium-grained greywacke; see
also Bagnoli & Tongiorgi (1979), Bartoletti & Tongiorgi
(1982), Costantini et al. (1988), Engelbrecht (1997a, 2008),
Engelbrecht et al. (1988) and Capezzuoli et al. (2021). Its
maximum exposed thickness is estimated at 40 m. Sample
nr. 535 of the limestones yielded relics of crinoids, cephalo-
pods, conularids and the conodont species belonging to the
families of the Gnathodontidae and Polygnathidae; the spe-
cies indicate late Eifelian (M. Piecha, written communica-
tion). A detailed contribution about these findings is in prep-
aration.

The stratigraphic upper boundary is an erosive uncon-
formity (Fig. 5a—) and is defined by the sudden onset of
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Fig. 4: Schematic stratigraphic subdivision of the Late Palaeozoic to late Triassic formations in the Farma River Valley (MRMCC). Time
scale according to Cohen et al. (2025). Abbreviations: fC — Carpineta Formation; C. — Crisis.
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coarse-grained siliciclastics of the coeval Carboniferous
depositional systems described below.

The contacts are slightly to moderately erosive uncon-
formities. The presence of chert clasts in the stratigraphic
cover of the Risanguigno Formation indicates that more pro-
nounced erosive contacts exist (Engelbrecht 1997b; Capez-
zuoli et al. 2021). The base of the Risanguigno Formation is
not exposed.

Fig. 5: Lithostratigraphic boundaries between Late Palaeozoic for-
mations. (a) Dark grey to blackish, mm-scale-laminated, schistous
siltstones and cherts of the Risanguigno Formation (s, 280/35) be-
low light grey, pebbly quartz sandstones of the Poggio al Carpino
Formation (s, 283/37). Loc.: ca. 450 m WNW of Ferriera di Ruota
(P 263). Width of outcrop: 1.2 m. View west. (b) Centre: 1.0-1.5 cm
thick chert laminae of the Risanguigno Formation (s, 98/53) above
thick-bedded, pebbly quartz greywackes of the distal part of the
Farma Formation (s, 106/16). Erosive unconformity U 92/34. Strata
overturned by Oligocene—early Miocene tectogenesis. Thrust
(k 74/52) postdates overturning. The tectonic hanging wall consists
of the distal part of the Farma Formation (s,61/12). Loc.: 70 m to
the east of the confluence between Fosso Cavoni and the Farma
River. View north. Outcrop width: 0.8 m. (¢) mm-scale alternation
of chert and black schistous siltstone of the Risanguigno Formation
(so 260/48) above quartz greywackes of the Carpineta Formation
(so 262/44). Strata overturned by Oligocene—carly Miocene tec-
togenesis. Loc.: Fosso Pianaccia at 345 m elevation, 120 m north of
P 368. View north. Scale: Hammer 28 cm.

According to the lithologies and sparse microfauna, the
depositional setting of the formation is interpreted as a low-
energy, anoxic to dysoxic, partially starved marine-epiconti-
nental, extensional basin with strongly reduced, predomi-
nantly fine-grained clastic input alternating with the deposi-
tion of inorganic and/or organic chert. The ubiquitous
lamination at the cm and mm scales indicates that burrowing
fauna was nearly absent. The conodont species determined
by Bagnoli & Tongiorgi (1979) preferred palacoenviron-
ments as follows: Ozarcodinins inhabited zones between the
peritidal and open marine zones and Panderodus unicostatus
(Branson & Mehl 1933) lived in shallow subtidal zones
(Murdock & Smith 2021; Terrill et al. 2022). According to
these few indications, the formation probably originated in a
shallow, subtidal, epicontinental basin, where deposition oc-
curred predominantly below the storm wave base.

Carboniferous
Carboniferous of subzone |

5.2 Poggio al Carpino Formation (Tournaisian
to late Pennsylvanian) (ex Ferriera Formation)

It was formally established by Cocozza et al. (1975). The
lithologies are the following:

— Polymictic and oligomictic, < 1 m thick, coarse-
grained, locally matrix-supported, lens-shaped, poorly or-
ganised quartz conglomerate layers, containing locally abun-
dant intraclasts.

— White to dark grey, coarse-grained, up to 2 m thick,
pebbly quartz-sandstones and quartzites rarely containing
cm-thick phytoclastic accumulations.

— Dark grey to black-coloured, < 2 m thick arenaceous
siltstone and silty pelite layers with interstratified mm-thick
chert and dark grey, slightly carbonous and siliceous,
< 35 cm thick boudinaged dolostones.
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More information is given in Engelbrecht (2000) and
Spina et al. (2001). The stratigraphic upper boundary of the
Poggio al Carpino Formation exhibits a diffuse passage to
the Civitella Marittima Formation, since the dark grey to
black mudstones and clasts gradually disappear. The tempes-
tite- and tsunamite-influenced deposits were laid down at the
tropical inner shelf and lower shoreface. Large internal soli-
tary waves (Pomar et al. 2012) probably reworked these
sediments. The lower boundary is a slight erosive uncon-
formity to the Risanguigno Formation (Fig. 5a).

Its true thickness, which is masked by intense Oligocene-
Pliocene deformation, is estimated to be ca. 300 m.

Carboniferous of subzone Il

5.3 Farma Formation (Tournaisian to
Pennsylvanian)

It was established by Cocozza et al. (1974). An additional
lithofacial subdivision according to the proximality trend of
its heteropic subunits is presented herein. Each subunit crops
out at specific sites along the course of the Farma River
whose elevations above sea level are indicated as P 190
(proximal subunit), P 183 (intermediate subunit), P 170 West
(distal subunit), and P 170 East (ultradistal subunit), respec-
tively.

5.3.1 P 190 - site Pozzolungo (proximal subunit)

It consists of grey to dark grey subgreywackes, grading ver-
tically into black siltstones and mudstones (Bouma cycles).
The stratal thickness varies from 8 to 62 ¢m and is, on aver-
age, 30 cm. Metre-sized channelling at erosive bases is rare.
Sedimentary structures consist of erosive ripple lamination,
cm-sized convolutions, load casts with bulges up to 25 cm in
amplitude, slumps, flame structures, clay wisps, sedimentary
sills, injections, flute casts and scour, prod, skip and groove
casts. Rarely, cm-thick phytoclastic accumulations are con-
tained in arenaceous parts. The quantity of the mudstone in-
terval varies between 25 and 70%. Rarely, laterally thinning,
<2 m thick, normally graded, polymictic conglomerate lay-
ers are present: these contain boulders consisting of rolled-
up siltstone, coarse-grained greywacke and bioclastic lime-
stone. More details can be found in Aldinucci et al. (2008a)
and Engelbrecht (2019). The strata near the locality P 190 of
this subunit are Moscovian in age (Pasini 1979b).

The sediments are interpreted as slightly water-undersat-
urated inner fan turbidites and channelised debris flows or
fluxoturbidites deposited on the lower slope.

At the stratigraphic top of the subunit, a moderately ero-
sive unconformity separates it from the overlying light grey,
coarse-grained quartz sandstones of the Civitella Marittima
Formation (Fig. 6a).

The true thickness of this subunit is difficult to calculate
because of intense late Palacogene—Neogene deformation; it
is tentatively estimated to be ca. 450 m.

5.3.2 P 183 - site Voltaccia (intermediate subunit)

It is made up of grey to dark grey, locally microconglomer-
atic, often massive and indistinctly graded, medium- to
coarse-grained subgreywackes, passing upward predomi-
nantly with hiati into volumetrically suppressed, dark grey to
black mudstones (incomplete Bouma cycles). The layers ex-
hibit tabular, wavy, ripple and flaser lamination; occasion-
ally hydroplastic deformations such as load casts, convolu-
tions, ball-and-pillow structures and drag marks occur. The
strata thicknesses vary from 0.16 to 7.92 m; on average, the
thickness is 0.95 m. The fossil content consists of crinoidal
detritus, phytoclasts < 1 cm, driftwood fragments < 30 cm
and ichnofauna.

The sediments are interpreted as water-saturated middle
fan deposits of unconfined frontal splays and rare grain flows
at the slope-basin transition, probably representing the depo-
centre of the Farma turbidite fan system.

The true thickness can hardly be calculated reliably be-
cause of complex late Palaeogene—Neogene deformation; it
is tentatively estimated to be ca. 550 m.

A faintly erosive unconformity at the stratigraphic top
separates it from the Civitella Marittima Formation above
(Fig. 6b).

5.3.3 P 170 West (distal subunit)

The stratigraphic lower part is made up of medium to very
thick bedded turbidites (< 2.10 m) consisting of coarse-
grained, locally pebbly, either massive or faintly graded sub-
greywackes, interlayered with laterally thinning, maximum
1.2 m thick sedimentary breccias, mélanges and conglomer-
ates, which contain intraclasts up to boulder size interspersed
in varying amounts of sheared mudstone matrix. Near the
base of this subunit the Bouma gradation is partially not de-
veloped. The stratigraphic upper part of the subunit is com-
posed of turbidites consisting of grey to dark grey sub-
greywackes that grade into black mudstones, which volu-
metrically constitute 10-75% of the cycles. The stratal
thickness varies from 0.10 to 0.58 m and is on average 0.21 m.
The coarse-grained basal parts of the strata are occasionally
disrupted and develop laterally into sedimentary mélanges.

Separated by a fault, another part of this subunit consists
of < 63 cm thick, graded or massive subgreywacke layers
often fragmented by networks of mm- to cm-thick fractures
filled with injections consisting of shale and limestone, inter-
stratified with disorganised, coarse-grained conglomerates
containing intraclasts, white quartzite and quartz in a convo-
luted mudstone matrix.

This subunit is interpreted as the thinning- and fining-
upward section of a distal outer fan part with basal debris
flows and suspension currents, covered by water-oversatu-
rated turbidites, deposited at the basin margin’s floor. Pore-
water overpressure locally caused the fragmentation of strata
into mélanges (Festa et al. 2012).

A slightly erosive unconformity at the stratigraphic top of
this subunit separates it from the Civitella Marittima Forma-
tion above (Fig. 6¢).
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Fig. 6: Lithostratigraphic upper boundaries of the Farma Formation; brachiopods contained in the Carpineta Formation. (a) Slightly erosive
unconformity between dark grey turbidites of the proximal part of the Farma Formation (s, 17/22) below and light grey quartz sandstones
of the Civitella Marittima Formation (s,358/31). Loc.: Fosso Pianaccia, westernmost branch at 425 m elevation. View NNW. Scale: Ham-
mer 28 cm. (b) Thin-layered, light grey quartz sandstones of the Civitella Marittima Formation (s, 271/38) below dark grey turbidites of
the intermediate part of the Farma Formation (s, 310/53). Strata overturned by Oligocene—early Miocene tectogenesis. Loc.: 90 m SE of
P 183. View WNW. (¢) Dark grey turbidites of the distal part of the Farma Formation below the light grey, thick-bedded quartz sandstones
of the Civitella Marittima Formation. Strata subhorizontal. Loc.: near the confluence of Fosso Cavoni with the Farma River. View SW.
Photo taken in April 2016. (d) Slightly erosive unconformity between black siltstones and fine-grained quartz greywackes of the Carpineta
Formation above and light grey, fine-grained quartz sandstones of the Civitella Marittima Formation. Both dip shallowly to the west; strata
overturned by Oligocene—early Miocene tectogenesis. View WNW. Loc.: 130 m ENE P 190. (e) Order Orthotetida: Genus Orthotetes Fis-
cher de Waldheim, 1829 (Carboniferous—Cisuralian): Ventral internal mould with a delthyrial chamber and robust median septum; external
cast. Loc.: Fosso Pianaccia, easternmost branch at 345 m elevation. (f) Order Productida: Genus Antiquatonia Miloradovich, 1945 (Viséan-
Serpukhovian): Ventral internal mould, which displays a muscle attachment area; external cast. Loc.: see Fig. 6e.

5.3.4 P 170 East (ultradistal subunit) Risanguigno Formation (see Fig. 4). A detailed contribution
about these findings is in preparation.

The subunit is interpreted as a distal fan part deposited at
the basin’s margin floor.

Due to intense deformation, the true thickness of this ul-
tradistal subunit cannot be reliably calculated; it is estimated

to be ca. 400 m.

It consists of monotonous, dark grey, fine-grained greywackes
and mudstones containing rarely mm-sized chert laminae,
< 1 dm thick carbonate layers and graded subgreywackes.
Locally, the latter carry intraclasts, as well as carbonate peb-
bles and boulders. 810 m of thick-bedded, black-coloured
limestones containing accessorily quartzite boulders are in-
tercalated. Conodonts were isolated from these calciturbid-

ites: Sample nr. 356 contained a fragment of a species be-
longing to the family of the Palmatolepidae, which indicates
a late Devonian age; and samples nr. 357-358 yielded be-
sides crinoid fragments, ramiform conodonts and plant relics
two species belonging to the order of the Conodontophorida,
which indicate a Bashkirian age of this part of this subunit
(M. Piecha, written communication). The Palmatolepidae
specimen was probably reworked from the upper part of the

5.4 Carpineta Formation (Tournaisian to late
Pennsylvanian)

It was established by Cocozza et al. (1974). The major con-
stituents consist of grey, dark grey to black, dm to 1 m scale
layered, mm to 2 cm scale tabular to low-angle cross-lami-
nated, monotonous, in part calcareous siltstones and fine-
grained greywackes, which are interstratified with thin, dark
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grey, slightly silicified boudinaged dolostones. Ca. 1.5 m
above the stratigraphic base, a condensed succession of
faintly silicified, dark grey siltstones and fine-grained
greywackes occurs, which contain unsorted accumulations
of brachiopods, rarely bivalvular lamellibranches, crinoid
fragments and plant debris. The brachiopods consist pre-
dominantly of orthotetids and productids. The genera identi-
fied are Antiquatonia Miloradovich, 1945 (indicative of Vi-
séan—Serpukhovian), and Orthotetes Fischer de Waldheim,
1829 (Carboniferous—Cisuralian; U. Jansen, Senckenberg
Institute, Frankfurt on the Main, Germany, written commu-
nication; Fig. 6e, f). A detailed contribution about these find-
ings is in preparation. Accessorily up to 10 m thick black-
coloured limestones, which are at the base massive and to-
wards the top plane stratified, are present; they contain
foraminifers and calcareous algae of middle Pennsylvanian
age (Pasini 1978Db).

The stratigraphic contact of the Carpineta Formation up-
ward to the Civitella Marittima Formation is either sharp
(Fig. 6d) or consists of a < 1 m thick resedimentation hori-
zon. The stratigraphic contact of the Carpineta Formation
downward to the Risanguigno Formation represents a slight
erosive unconformity (Fig. 5c).

The true thickness of the Carpineta Formation can hardly
be reliably calculated because of complex Palacogene—Neo-
gene deformation; it is estimated to be ca. 350 m.

The Carpineta Formation probably represents an epiconti-
nental, predominantly low-energy depositional area below the
storm wave base: the outer shelf region. The rarity of fossil
fauna, scarcity of bioturbation and presence of organic matter
in the intensely laminated strata point to a prevailing stagnat-
ing, dysoxic milieu, most likely caused by eutrophication.
However, during the deposition of the biogenic limestones,
interpreted here as small-scale biostromes containing rhodo-
phycea and foraminifera, a better oxygenated milieu tempo-
rarily existed. Rare ruditic and accessory fossiliferous layers
constitute mobilised and redeposited matter transported by
bottom currents, which originated during tempestite events
(Aigner 1985) or surging internal waves (Pomar et al. 2012).

5.5 Civitella Marittima Formation
(Permian—early Triassic)

It was established by Costantini et al. (1988) and represents
the uniform stratigraphic cover of the Carboniferous heter-
opic units. The formation consists of:

— Oligomictic, clast-supported, poorly sorted, wedging-
out, thick-bedded (< 4 m), massive to indistinctly laminated,
white to light-grey quartz conglomerates with clast sizes of
approximately 2 cm on average (max. 20 cm). Occasionally
irregular interstratifications consist of grey, cm-thick silt-
stones and fine-grained quartz sandstones.

— Grey-green, moderately sorted, tabular to high-angle
cross-bedded pebbly quartzites, quartz sandstones and phyl-
litic quartz sandstones.

— Centimetre-thick, light grey to yellow, boudinaged dol-
omitic caliche layers.

In the uppermost part of the formation, the colours merge
into differing degrees of bluish-grey, indicating a terrestrial
milieu. The upper stratigraphic boundary of the Civitella
Marittima Formation consists of moderate to strong erosive
unconformities. Considerable portions were reworked into
the Lower Verrucano Formation (Engelbrecht 1997a, 1997b).
This is also indicated by conspicuous thickness variations. In
subzone I, the stratigraphic cover of the Civitella Marittima
Formation is regularly formed by the Lower Verrucano; in
subzone II, however, its cover consists locally of the Upper
Verrucano Formation and rarely of the Tocchi Formation.
The inferred hiati can be explained by erosion, non-deposi-
tion or replacement. The latter is suggested by locally very
high thicknesses of the Civitella Marittima Formation in
subzone II.

The stratigraphic contacts downward are characterised
by slight to moderate erosive unconformities (see above).
Boulder-sized lydite clasts (maximum diameter of 16 cm) in
the quartz conglomerates suggest that locally the Risan-
guigno Formation might have formed the stratigraphic sub-
stratum of the Civitella Marittima Formation, indicating an
intense erosive unconformity.

The true thickness of the Civitella Marittima Formation
cannot be reliably calculated because of its deformation; it is
estimated to range from 5 to 300 m.

Its sedimentary fabric and the fact that it forms a uniform
stratigraphic cover above the coeval Carboniferous forma-
tions imply that after the Carboniferous progradational
phase, the depositional area developed into a regressive,
shallowing, littoral-deltaic zone characterised by highly dif-
fering energetic indexes. These deposits may have sealed a
Carboniferous marine failed rift (Vai 1991; Engelbrecht
2008).

To date, no fossils have been reported from this forma-
tion. According to its stratigraphic position at the transition
between the marine Carboniferous and the middle Triassic
terrestrial Verrucano Group, the Civitella Marittima Forma-
tion is probably Permian to early Triassic in age. This corre-
sponds partly to the age attribution suggested by Costantini
etal. (1991).

5.6 Verrucano Group (Middle Triassic)

5.6.1 Lower Verrucano Formation
(Monte Quoio Formation) (Middle Triassic)

The formation, defined by Cocozza et al. (1975), consists of:
— Quartz conglomerate layers in alternation with pebbly,
coarse-grained quartz sandstone and quartzite layers, which
are massive or irregularly stratified and laminated. The strata
reach thicknesses up to ca. 3.5 m. They thin laterally into
violet quartz sandstones or are intercalated with erosive un-
conformities into the latter. The proximality trend of the
quartz conglomerates corresponds to the present E-W direc-
tion: polymictic, poorly sorted, thick-bedded, laterally dis-
continuous lithologies of subzone I develop into better ma-
tured, polymictic to oligomictic lithologies of subzone II.
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— Very thick, violet to bluish-grey-coloured, monoto-
nous, silty, fine- to coarse-grained schistous quartz sand-
stones.

— Rarely grey, yellow-grey and reddish-brown, mm- and
cm-sized boudinaged dolomitic caliche layers.

More details can be found in Costantini et al. (1988), En-
gelbrecht et al. (1988) and Engelbrecht (1997b). The erosive
contact of the Lower Verruccano Formation to its strati-
graphic base is either sharp or diffuse; the latter occurs within
several metre thick oligomictic quartz conglomerate layers,
in which the amount of reddish quartz pebbles gradually in-
creases upward. The contact of the Lower Verrucano Forma-
tion with its stratigraphic cover is diffuse and locally hiatal.

The true thickness of the Lower Verrucano Formation
cannot be given precisely because of intense deformation; it
is tentatively estimated at max. 280 m.

To date, no in-situ fossils or traces of organic matter have
been reported from the Lower Verrucano Formation. Its rela-
tive age is constrained by fossiliferous carbonate pebbles,
which form accessory constituents in polygenic conglomer-
ates. Cocozza et al. (1975) attributed its poorly preserved
microfauna to the early and early middle Triassic. This view
has been adopted in the stratigraphy (Fig. 4).

The sedimentary fabric points to regressive depositional
conditions: ephemeral fluvial mass transport in a semiarid
climate and proximal to intermediate fluvial deposits, con-
sisting of coarse-grained channel fills and flood plain sedi-
ments, interstratified with caliches. Conspicuous redeposi-
tion from proximal sources occurred.

5.6.2 Upper Verrucano Formation (Ladinian)

This formation is seen partly as a lithological and temporal
equivalent of the upper part of the Verrucano Group in the
Pisan Mounts, e.g. of the ‘Anageniti minute’ (Costantini et
al. 1988).

The formation consists of:

— Small-grained, clast-supported, oligomictic to monom-
ictic, maximum 2.2 m thick quartz conglomerate layers,
which are tabular or low-angle cross-laminated at the cm and
dm scales.

— Whitish, grey-pink, light-greenish and reddish to vio-
let-coloured, fine- to coarse-grained, locally pebbly, tabular
and cross-bedded, laminated quartzites and quartz sand-
stones up to 40 cm thick.

— Bluish-grey, light grey, rarely greenish-grey and beige-
coloured, up to several tens of metres thick arenaceous silt-
stones, containing thin lenses of micro-quartz conglomerate
and occasionally cm-thick boudinaged dolomitic caliche lay-
ers.

The contact of the Upper Verrucano Formation with its
transgressive stratigraphic cover is slightly unconformable
and probably diachronous. Hiati exist in subzone II. Its true
thickness, estimated at max. 300 m, cannot be given pre-
cisely because of intense deformation. To date, only ichno-
fauna consisting of cm-sized burrows has been identified.

According to the stratigraphic position of the Upper Ver-
rucano Formation, a Ladinian age is inferred. It accommo-

dates the passage between the regressive Lower Verrucano
Formation and the marine-transgressive late Triassic evapo-
rites.

The fabric of the sediment and its elevated maturity point
to multiple recycling events in a distal fluvial and/or littoral-
deltaic setting under semiarid climatic conditions.

Epizonal metamorphic unit
5.7 Tocchi Formation (Carnian)

This formation was first described by Signorini (1947). The
base consists of homogeneous, pale, light greenish, very
low-grade metamorphosed claystones and siltstones. Above
follows an alternation of mudstones with mm- to cm-thick,
tabular, light grey-yellowish, sometimes grey, cellular, in-
tensely fissured dolostones and limestones. Further upwards,
the carbonate layers thicken up to 1 m, whereas the mud-
stone interlayers diminish. The top of the formation consists
of a breccia made of dark grey, mm- to cm-sized dolostone
and rarely gypsum clasts, as well as oligomictic breccias
consisting of varying amounts of unsorted angular dolos-
tone, limestone and mudstone fragments with highly differ-
ing clast sizes dispersed in a limestone matrix.

Because of intense deformation, the true thickness of the
Tocchi Formation cannot be calculated reliably; it is esti-
mated at max. 200 m. Whether the local absence of this for-
mation in subzone II is due to tectonic effects, non-deposi-
tion/erosion or substitution by Calcare cavernoso could not
be clarified.

The age, depositional setting, palacoclimate and tectonic,
metamorphic and physico-chemical transformations of its
subsurface equivalent (Burano Formation) were described in
Costantini et al. (1980), in Martini et al. (1989) and in Barchi
(2010).

The formation is interpreted as a marine-transgressive
unit: an encroachment of the Mesozoic Tethys on the Adri-
atic passive continental margin, marking the onset of the Al-
pine orogenic cycle. It consisted of a first-order deepening-
upward megasequence, which buried its pre-Carnian sub-
stratum and marked an epochal turning point from a
predominantly siliciclastic to an evaporitic-carbonatic-si-
licic-marly depositional mode. A context with the Carnian
pluvial event (Lu et al. 2021, and references therein) is sug-
gested.

Tectonic unconformity
Tuscan nappe
Unmetamorphosed unit

5.8 Calcare cavernoso (Norian)

The formation is made up of massive, vacuolar carbonate
breccias with highly variable amounts of powdery carbonate
matrix. The breccia rarely contains xenoclasts; it interfingers
with poorly lithified and unsorted, monomictic, clast-sup-
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ported pseudo-conglomerates consisting of rounded
rauhwacke clasts up to boulder size. More details can be
found in Cornamusini et al. (2024), who interpreted the for-
mation as a tectonic-chaotic unit that developed along a Mio-
cene dilatational major décollement horizon. The thickness
of the Calcare cavernoso, inextricably intermixed with cata-
clasites (see 5.10 below), is estimated at a maximum of
130 m. It is capped by either a pronounced erosive uncon-
formity segregating it from postorogenic deposits of late
Pliocene to Quaternary age (‘serie Toscana ridotta’) or the
mentioned décollement, which separates it from the Ligurian
units.

The depositional setting, age and tectonic as well as
physico-chemical transformations of its subsurface equiva-
lent, Carnian—Norian evaporites and dolostones (Burano
Formation), are described in Martini et al. (1989) and in
Gandin et al. (2000).

Tectonic unconformity
Allochthonous domain
Ligurian unit (Upper ophiolitic unit)

5.9 Galestri e Palombini (Cretaceous)

The unit consists of an unmetamorphosed tectonic mélange:
flysch-type lithologies, composed of fractured and faulted,
dark grey claystones and siltstones (‘galestri’) and bluish-
grey, cherty limestones (‘palombini’) of Cretaceous age
(Servizio Geologico d’Italia 2004). Its thickness is estimated
to have a maximum of 80 m.

Tectonic unconformity
Allochthonous domain
Unmetamorphosed deposit

5.10 Late Miocene

Tectonised components (e.g. cataclasites, pseudo-conglom-
erates) of the Calcare cavernoso (see 5.8 above), with which
they are intermixed inextricably. These reworked/tectonised/
replaced derivates are cartographically not separable at a
scale 1:10,000.

Erosive unconformity
Neoautochthonous domain
Unmetamorphosed deposit

5.11 Pliocene

There are grey and dark grey, maximum 35 m thick, some-
times reddish-brown altered marls and fine-grained, calcare-
ous, friable, unconsolidated sandstones containing slightly
redeposited faunas: lamellibranches (Ostrea lamellosa,
Pecten sp.) gastropods (Turritella sp.), arthropods (Balanus

sp.), echinoids and foraminifers (Florilus sp., Cibicides sp.,
Textularia sp.) (Signorini 1967; Klingsohr 1984).

5.12 Late Pliocene to early Quaternary

There are peneplains and fluvial terraces at different topo-
graphic elevations, covered with subrecent detritus and
rarely with relics of fluvial gravel and boulders. These areas
indicate the uplift stages and erosional states of individual
tectonic compartments (see below).

Ignimbritic rhyolite flows (2.3-2.5 Ma) crop out in the
westernmost part of the study area.

Relics of fluvial and lacustrine gravels and sands con-
taining lithotypes of the Upper Verrucano Formation, the
Ligurian units and the Neoautochthonous are present. These
deposits that may be up to 20 m thick, are isolated from the
recent fluvial drainage system and indicate that the latter
forms an antecedent water gap.

5.13 Quaternary

The deposits consist of: subrecent talus and alluvium; fluvial
gravel and sand forming high-, intermediate- and low-lying
terraces; travertine and calcareous tufa; brownish-red, up to
several metre thick lateritic soils; boulders; and landslide de-
posits.

6. Tectonics

The tectonic features described below are based on the meas-
urements of ca. 3,800 planar and linear structures, which,
together with stratigraphic data, serve to reconstruct the
structural contours of geological boundaries and the orienta-
tion of B-axes (sensu Ramsay & Huber 1987).

Two tectono-stratigraphically homogeneous subzones
separated by a segmented, steeply west-dipping, extensional
first-order lineament (Arbia Lineament; see Electronic Sup-
plement: geological map of the Farma River Valley) exist,
which is offset by several transcurrent faults. This fault di-
vides subzone I, hosting the Carboniferous inner shelf de-
posits in the west, from subzone II, containing coeval outer
shelf-slope—basin margin sediments. The vertical throw at
the subzone boundary is estimated at a maximum of 1.2 km.

Subzone I is characterised by an east-vergent, imbricated
structure, where open frontal flexures and ramp folds, which
attain amplitudes of up to ca. 200 m, are less frequent. The
maximum thickness of the thrust sheets is estimated at
350 m. Asymmetric isoclinal, north—south trending anti-
clines of probable late Oligocene—early Miocene age are de-
veloped in competent lithologies (Fig. 7a, c), but the corre-
sponding synclines are less frequently observed. The maxi-
mum thrust-induced stratigraphic throw appears to have
transported the Risanguigno Formation onto the Lower Ver-
rucano Formation. Because cut-off lines cannot be drawn,
schistosities in coarse-grained sediments scatter and geo-
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petal structures are rarely present, the thicknesses and along-
strike persistences of overturned parts of the fold limbs re-
mained undefined. The scattering of the bedding surface at-
titudes resulted from heterogeneous sediment lithologies,
from synsedimentary, fault-controlled thickness fluctuations
of the clastic formations and from post-Messinian NW-SE-
directed compression. The latter probably produced open
asymmetric fold trains with B-axes dipping shallow to mod-
erately W-SW and with fold amplitudes <3.0 m. N-S, NNE-
SSW, NNW-SSE, NW-SE, WNW-ESE and W-E striking
sets of normal faults and complex shear fractures of probable
late Pliocene to Quaternary ages dissect the fold-thrust sys-
tem. With few exceptions, the west—east striking fracture
systems offset those striking north—south. A set of steeply
east-dipping major normal faults (Fig. 7b) is supposed to
form the western flank of the normal fault-bounded graben at
‘Il Belagaio’, which contains relics of marine deposits of
Pliocene age, and to have dissected east-directed thrusts in-
ferred from the presence of east-vergent folds (Fig. 7a) and
from the sequence encountered in the ‘Sondaggio del Bela-
gaio’ borehole. In addition, up to 5 cm sized tension gashes
(joint 65/84) filled with cataclasite made up of quartz and
quartzite fragments in the ankerite matrix are present. The
normal fault immediately to the west of ‘Il Belagaio’, sepa-
rating late Triassic evaporites from the Upper Verrucano For-
mation, constitutes a north—south striking, steeply east-dip-
ping tectonic boundary, which was offset by several second-
ary WNW-ESE striking faults. The presence of silicified
zones indicates that fluids ascended into units subjected to
Pliocene-Quaternary extension.

Subzone II displays a significantly larger variation con-
cerning the thrust directions: the fold axes reconstructed
through the analysis of bedding surface measurements com-
prise domains with non-, east, SE, SSW and predominantly
NE vergence of probable Oligocene—Pliocene age. The vari-
ability of vergence along the strike trends of 3-axes, as well
as their curved trends, is more pronounced than in subzone I
and may be caused by changes in the lithologies and thick-
nesses of the corresponding formations (Greenhalgh et al.
2015). The age relationships between these domains of dif-
ferent directions of thrust movements could not be deter-
mined. Open, tight and isoclinal anticlines and synclines —
some of them probably developed at ramps — with predomi-
nantly shallow but also moderate and steep -axes exist; the
folds may reach amplitudes of up to 350 m. Overturned
limbs are better developed than in subzone I. These reach
thicknesses of up to 300 m and persist along strike up to
700 m. Thrust-related stratigraphic throw is highly variable:
Middle Triassic but also Carboniferous formations were
thrust onto late Triassic evaporites (Fig. 7d). Similar to sub-
zone I, the tectonic superposition of Devonian onto middle
Triassic strata marks the maximum thrust-induced throw.
Small-scale boudin trains were observed that resulted from
multilayer-normal shortening and related stretching in the
fold limbs; e.g. accordingly deformed cm-thick dolostone
nodule horizons contained in mudstones of the Carpineta
Formation (Fig. 7¢) probably represent drawn boudins (Gos-
combe et al. 2004). The mentioned domains of thrust direc-

tions are separated by normal faults and other complex faults
of probable Pliocene to Quaternary ages, which can be
grouped into sets displaying N-S, NNE-SSW, NE-SW,
E-W, ESE-WSW and SE-NW directions. The age relation-
ships of these fault sets cannot be determined, because map-
ping indicated that they intersect in a non-systematic fash-
ion.

Both subzones are segmented by numerous steeply dip-
ping normal faults, strike-slip faults and other faults of prob-
able late Pliocene or Quaternary age into compartments
(measuring 0.01-1.2 km?), composed of stratigraphic subse-
quences; similar structures were identified and referred to by
Signorini (1967) as ‘Struttura Toscana’. Thickness fluctua-
tions of the Lower Verrucano and Civitella Marittima forma-
tions in adjoining compartments indicate that at least some
of the fractures separating them may represent synsedimen-
tary normal faults of Permian and/or middle Triassic age that
were reactivated in the late Miocene to Quaternary. Each of
these compartments is characterised by a specific style of
tectonic deformation; this will be detailed in a forthcoming
contribution. The highly variable orientations of the above-
mentioned normal faults and shear fractures correspond
largely with the Merse (N-S), Arbia (NNE-SSW), Farma
(W-E) and Lanzo (NW-SE) directions of the MRMCC,
which determine the regional morphotectonic-hydrographic
pattern.

According to the mapping results, the relative age rela-
tionships between these groups of faults are difficult to es-
tablish, remain uncertain and cannot be summarised at pre-
sent in a regular pattern. Possible explanations are the ad-
verse outcrop conditions and the particularly complex
tectonic situation: late Oligocene to Miocene east-directed
thrusting was followed by polyphasic and variably oriented
extensional and compressional events of Pliocene—Quater-
nary age. An attempt at unravelling and constraining the
relative chronology of development of structures with differ-
ing geometries and trends is beyond the scope of this paper,
and the problem will be addressed in a forthcoming contribu-
tion.

7. Discussion
7.1 Age and depositional conditions

Upper Verrucano Formation

The hiati in the Upper Verrucano Formation of subzone II
may be explained by erosion, non-deposition or replacement
with the Civitella Marittima Formation. However, due to a
lack of evidence, the latter two interpretations were not
adopted in the stratigraphic column (Fig. 4).

Lower Verrucano Formation

The hiati in the Lower Verrucano Formation of subzone II
are interpreted as erosive gaps. The general fluvial transport
directions (in recent coordinates) reported by Canuti & Sagri
(1974) — westbound — and by Costantini et al. (1988) — south-
bound — in the MRMCC were not confirmed referring to the
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Fig. 7: Tectonics. (a) Tight east-vergent antiform developed in oligomictic, dm-thick, white-pink coloured microquartz conglomerates of
the Upper Verrucano Formation, subzone I. B, 174/22; flanks: s, 221/40 normal; s, 252/71 overturned. Loc.: 310 m ESE of the confluence
of Fossato Piccolo with Farma River. View north. (b) dm- to m-thick layers of quartz sandstone, quartzite and small-grained quartz con-
glomerate of the Upper Verrucano Formation, s, 260/37. En échelon joint set k 64/64 and fault k 357/89. The throw is indeterminable be-
cause of the lack of a marker horizon. Subzone I. Loc.: 60 m ESE of the confluence of Fossato Piccolo with the Farma River. View SE. (¢)
East-vergent isoclinic antiform in competent, coarse-grained quartz sandstones of the Poggio al Carpino Formation; flanks: s, 252/46
normal; s, 248/47 overturned; B, 195/38, bent at a distance of 9 m southward to 8, 200/79. Subzone 1. View NW. Loc.: 290 m NE of Ferriera
di Ruota P 263. Bending of the B-axis may result from post-Messinian compression. (d) Thrust plane (k 213/46) separating schistous
greywackes of the Farma Formation (s, 268/65 overturned) from grey-yellow coloured carbonatic breccias of the Tocchi Formation
(89 222/31). Subzone II. View NE. Loc.: Nameless ditch 200 m SW of ‘Fungo Bianco’ (P 157). Width of outcrop: 35 cm. View ENE. (e)
Part of an overturned fold limb consisting of schistous mudstones (s, 270/49) containing cm-thick boudin trains indicating stratification
$9270/57. Sinistral, < 12 cm measuring offsets of the boudin trains at fault k 185/78. Subzone II. Scale: Hammer 28 cm. View west. Loc.:

110 m NE of P 190.

<

<

situation in the Farma River Valley: there the general fluvial
transport course proceeds parallel to the general Carbonifer-
ous marine transport direction.

Considerations of the geological age of the Lower Ver-
rucano Formation: newly sampled clasts of the same litho-
type at the same location described in Cocozza et al. (1975)
yielded better preserved microfossils consisting of fusulinid
associations of Gzhelian to Cisuralian age (Engelbrecht et al.
1988). Because clasts containing Triassic fossils could not be
ascertained by Engelbrecht (1997b) and the microfauna de-
scribed in Cocozza et al. (1975) may also be Permian in age
(E. Fluegel, Univ Erlangen-Nuremberg; pers. comm.
03.1983), the Lower Verrucano Formation might be, similar
to the South Alpine Verrucano Formation (Cassinis et al.
2018), of Lopingian age. U-Pb age determinations of detrital
zircons revealed 280 Ma (late Cisuralian) as the maximum
depositional age of the Verruca Formation of nearby occur-
rences (Sirevaag et al. 2016; Paoli et al. 2016). The fusuli-
nid-bearing carbonate pebbles ensure that locally the erosive
base of the Lower Verrucano Formation reached down at
least into Gzhelian open marine shelf deposits; a redeposi-
tion of these carbonate pebbles from the Civitella Marittima
Formation is excluded according to its clast inventory
(Engelbrecht 1997b: 75-76; Aldinucci et al. 2001, 2003).
According to Pasini (1991) and Pasini & Vai (1997), these
marine sediments, together with fusulinid-bearing deposits
of Cisuralian age from Eastern Elba and of Guadalupian age
from a drill site in the Monte Amiata geothermal area, indi-
cate that relics of a marine Permian carbonate platform exist.

The Ladinian age of the Lower Verrucano Formation
proposed by Cassinis et al. (2018) is called into question in
this work according to the facts already mentioned and be-
cause no fossils sustaining this age attribution were described
from the Lower Verrucano Formation and nearby equiva-
lents.

Consequently the author favours a late Guadalupian—
Lopingian age of the Lower Verrucano Formation, but
adopted in this contribution the classic interpretation of its
middle Triassic age.

Civitella Marittima Formation
It is considered by Costantini et al. (1988), Aldinucci et al.
(2001, 2008b), Pandeli et al. (2004), Perrone et al. (2006: 21)

and Cassinis et al. (2012) as part of the Verrucano Group.
This is doubted here, because the typical sediment property
of the Verrucano Group (terrestrial redbeds) is, except in the
uppermost section of this formation, absent. Its interpreta-
tion as deposits of an early-middle Triassic failed rift (Cas-
sinis et al. 2018: 491, Fig. 7) is called into question here be-
cause these sediments cover Carboniferous marine failed rift
deposits.

Carpineta Formation
Engelbrecht (2002, 2008), Aldinucci et al. (2008a), Conti et
al. (2020) and Spina et al. (2021) interpreted the stratigraphic
position of this formation differently. This study revealed
that the stratigraphic boundaries of the Carpineta Formation
are conform with those of the coeval formations mentioned.
Spina et al. (2021) reported that the macrofossils found
by Pasini in the Carpineta Formation were contained in its
dolostone nodules. However, Pasini (1978b: 74, line 6) ex-
plicitly wrote that these were contained in “... dark-grey
siltitic shales” (literal citation). A Permian age attribution to
this formation, as proposed by several authors mentioned in
paragraph 3, is doubted here (see paragraph 5.4).

Farma Formation

Pasini (1979b) concluded according to the relative uniform-
ity of the age attributions (early—late Moscovian) of the fu-
sulinids in the proximal part of the Farma Formation that
their reworking occurred soon after their lithification, but not
significantly later. The Guadalupian—Lopingian age of this
formation postulated by several authors mentioned in para-
graph 3 and the fact that a clear separation of the interturbid-
ite layers from the mud-division of the turbidites was often
not feasible (Aldinucci et al. 2008a) implies that redeposited
microfossils with ages between the early Moscovian and
Lopingian should be present in their fossil record. The fact
that this is not the case is problematic. Aldinucci et al.
(2008a) further reported that this formation was deposited
with a hiatus above the late Pennsylvanian Spirifer Schists.
However, according to our own observations, the latter are
stratigraphically overlain by the Civitella Marittima Forma-
tion (Engelbrecht 2008), and the Farma Formation was de-
posited above the Risanguigno Formation. Therefore, the
Guadalupian—Lopingian age proposed by above mentioned
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authors and others for the Farma Formation is questioned
herein. The significantly different thermal alteration indexes
of the sporomorphs discernible in Aldinucci et al. (2008a:
fig. 8) are hardly compatible with the HP-LT regional meta-
morphism relevant to this formation. Thus, the proposed spe-
cies attributions are doubted.

U-Pb detrital zircon ages from this formation revealed
that its depositional age is late Mississippian to early Penn-
sylvanian and that it cannot be significantly younger than its
maximum depositional age (Paoli et al. 2016). This is con-
form with the ages of the conodonts determined in the ul-
tradistal subunit of the Farma Formation.

According to the tempestite-turbidite models of Walker
(1984) and Aigner (1985) applied by Engelbrecht (2000), the
microfloras are also subject to redeposition. Consequently,
some of the 11 species of sporomorphs mentioned by Spina
etal. (2001) from the inner shelf should also be present in the
17 species described by Aldinucci et al. (2008a) from the
lower slope; however, none of the species described from the
inner shelf correspond with those from the lower slope.

Aldinucci et al. (2008a) reported that the organic matter
content in the Farma Formation is exclusively of terrestrial
origin. However, they mention burrowed layers (ibid, p. 586,
fig. 4, stratum no. 11). Moreover, marine microfaunas have
been ascertained from the proximal part of this formation
and coeval formations (see paragraph 3). Ichnofaunas have
been documented from the proximal and intermediate parts
of the Farma Formation (Engelbrecht 2019).

Poggio al Carpino Formation

The Guadalupian to early Triassic ages attributed to this for-
mation (see paragraph 3) are called into question here be-
cause: (1) the stratigraphic contact displayed in Fig. 5a does
not reveal distinctive marks that justify the interpretation of
a hiatus of 85 Ma; (2) fossiliferous coeval formations of sub-
zone II were classified via refined investigations as Carbon-
iferous; (3) the black mudstones (containing local chert lam-
inae) of this formation display close similarities with the
sediments of its substratum. Their continuous deposition
above the stratigraphic top of the Risanguigno Formation is
inconsistent with the postulated pronounced hiatus.

Risanguigno Formation:

The early—middle Mississippian age of this formation, cited
in paragraph 3 and the related statement that the late early
Devonian microfauna described by Bagnoli & Tongiorgi
(1979) is reworked, is disputed: To date, neither redeposited
fossils of middle Devonian to early Mississippian age nor
sedimentary structures typical of reworking have been men-
tioned from this formation. The palynomorphs in Capezzuoli
etal. (2021: 10-11, 15-16) are described as “... strongly de-

graded ...”; their systematics and specific sculptural charac-
teristics were not provided. Some species attributions are
doubted, e.g. the sculptures of the specimens termed Spelae-
otriletes balteatus (Playford) Higgs 1975 and S. pretiosus
(Playford) Neves and Belt 1970 in Capezzuoli et al. (2021:
11, fig. 7.9, 7.12) differ significantly from the referring spe-
cies in Brittain & Higgs (2007: 112, 120-123).

7.2 Palaeoenvironmental setting

Further investigation is necessary to determine the subsid-
ence history of the Risanguigno Basin and the reasons for the
strongly reduced sediment input, the low species diversity
and abundance, the suppression of carbonate production
(otherwise widespread in the Devonian period) and the per-
sistent dysoxic and anoxic conditions, which indicate a long-
lasting palaeoecological crisis. Drivers might have been the
effects of greenhouse gases emitted from distant large igne-
ous provinces (LIPS) and from arc and rift volcanism, as
well as the spread of vascular land plants, which caused en-
hanced silicate weathering and the eutrophication of marine-
epicontinental areas (Kaiser et al. 2015; Racki 2020; Ka-
banov et al. 2023). Devonian LIPS were correlated with oce-
anic anoxia and biotic crises (Ernst et al. 2019). Crasquin &
Horne (2018) proposed that oxygen minimum zones in pe-
lagic areas (resulting from increased nutrient input) expand
upward into shallow epicontinental seas. Alternatively, ter-
restrial nutrient runoff may have caused photic zone anoxia/
dysoxia in shallow epicontinental basins and the spilling of
eutrophicated water layers onto a well-ventilated deeper
ocean water column (Carmichael et al. 2019).

Proxies, attainable via systematic biochemical, geochem-
ical and isotope analyses in the sediments of the Risanguigno
Formation, could contribute to the understanding of how this
palaecoenvironmentally critical and complex period of the
Tuscan Late Palacozoic developed and how it could be inte-
grated into a global context (Pisarzowska et al. 2020; Ka-
banov et al. 2023).

The conspicuous change in the depositional mode at the
stratigraphic top of the Risanguigno Formation can be ex-
plained by chronologically closely related events:

— A Tournaisian rift pulse, which deformed the basin by a
staircase of normal faults with throws at the 100 m scale, oc-
curred, thus creating a progradational downlap surface. Pre-
existing normal faults forming the Risanguigno Basin were
probably reactivated (see e.g. the Pozzolungo Lineament
postulated in Fig. 8).

— Palaeoenvironmental changes related to the Hangen-
berg Crisis triggered the sediment flux alimenting the pro-
grading tempestite-turbidite system (Engelbrecht 2008).

»

'

Fig. 8: Schematic drafts —not to scale — of profiles of the Tuscan mainland, illustrating its late Devonian, earliest Tournaisian and Bashkirian-
Moscovian palaeogeographic situations and depositional processes. Abbreviation: L. — Lineament. In red colour: approximate stratigraphic
positions of new fossil findings. Modified and extended following Engelbrecht (2008: 300).
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Aretz & Corradini (2021) reported that the Hangenberg Cri-
sis occurred suddenly and disruptively and caused major per-
turbations in the geosphere. According to Kidder & Worsley
(2010) and Kabanov et al. (2023), additional emissions of
large amounts of volcanic CO, could have resulted in global
overheating and a transition from greenhouse to temporary
hothouse conditions, which enhanced hydrological cycling,
thus boosting the terrigenous flux seaward. This mechanism
(which probably caused the epochal change in the deposi-
tional mode) might have initiated the onset of that mass
transport of siliciclastics, supplied from an eroding, rejuve-
nated relief onshore. Oxygen-deficient zones expanded and
shallowed during hothouse conditions into the photic zone
and its resulting contamination with euxinia (Kabanov et al.
2023) probably prevented the establishment of faunas in the
inner shelf area. Elevated solar UVB radiation probably con-
tributed during this phase to the degradation of photic zone
biota (Marshall et al. 2020; Hader et al. 2015). The men-
tioned depositional style stabilised over the Carboniferous
period, probably because subsequent increasing icehouse-
climate conditions generated elevated equator-to-pole at-
mospheric temperature gradients, which enabled more fre-
quent tropical tempestite events in the narrowing, W-E-
trending Palaeotethys; the strike of its coastal lines favoured
the physical conditions necessary for tropical cyclone gen-
eration (Duke 1985).

Further palacoecological considerations concerning younger
formations are beyond the scope of this paper and will be
presented in a forthcoming contribution.

The late Emsian to late Ladinian palaeoecological condi-
tions in the Tuscan part of the Adria microplate were ad-
verse. The reasons for this should be investigated with
greater detail.

7.3 Palaeotectonic development

The lithostratigraphic boundaries of the Carboniferous coe-
val formations are strongly favoured to be erosive uncon-
formities. A superposition of Hercynian and Oligocene—early
Miocene compressive tectogeneses (Costantini et al. 1988;
Conti et al. 1991; Aldinucci et al. 2008¢c: 576-577; Molli et
al. 2020: 05, fig. 2b and others) was not detectable. Accord-
ingly, the Farma Basin represents neither a Permian transten-
sional basin (Brogi et al. 2023) nor a Carboniferous com-
pressive foreland basin (Cocozza et al. 1987 and others). No
relics of Early Palacozoic or Late Precambrian nappes thrust
onto Carboniferous deposits were identified. The Farma Ba-
sin is positioned in a Carboniferous normal fault-bounded
marine-epicontinental extensional setting (Fig. 8). The im-
plied tectonic structures (normal faults) are inferred from
stratigraphic considerations. This basin formed at the south-
ern Hercynian convergence front near the Palacoadriatic su-
ture at the thickened accretionary wedge, whose upper part
disintegrated due to gravitational collapse, thus generating
short-lived rift basins, as proposed by Vai (2001) and Stamp-
fli (2005). The lack of the Bouma gradation in basal layers of

the Farma Formation, as can be seen in Fig. 5b, may be
caused therein by the fact that during the early stage of basin
subsidence the physical requirements for deposition out of
suspension were not yet given.

The partial inversion of the Farma Basin deposits started
in the Lopingian and was caused by the combined effects of
the rise of geotherms driven by nearby magmatism (Bagnoli
etal. 1979; Costantini et al. 1991; Pandeli et al. 2004; Pieruc-
cioni et al. 2020; Marini et al. 2020) and by the global sea
level fall (Van der Meer et al. 2025). Consequently, the upper
parts of the units (down to the latest Pennsylvanian deposits)
were exposed to fluvial erosion due to surface emergence.

The postulated shear-zone-bound transtensional Guada-
lupian-Lopingian basins (having hosted the aforementioned
heteropic formations) as well as their Oligocene—Miocene
tectonic deformation, as described in Molli et al. (2020), are
doubted.

Subzones I and II, characterised by specific Carbonifer-
ous lithostratigraphic successions and specific Palacogene—
Neogene deformation styles, constitute the working area.
Therefore, the overall tectonic structure may consist in
closely spaced, interfering metamorphic core complexes, as
defined by Tirel et al. (2009) and Zuza & Cao (2023). The
preconditions for this deformation style (e.g. high geother-
mal heat flow, extended and very thin crust) were already
listed. The components of this part of the MRMCC have sev-
eral shear zone systems in common that are bound to zones
of crustal weakness, i.e. the Miocene decollement horizon
developed in late Triassic evaporites, and reactivated Car-
boniferous normal faults and Devonian mudstones.

The postulated shallow west-dipping thrust proposed by
Bodechtel (1969), Costantini et al. (1988), Conti et al.
(1991), Liotta (2002), Lazzarotto et al. (2003), Capezzuoli
(2021) and others, separating the subzones and the implied
v-shaped bearing of the north—south striking thrust surface
supposed to be located to the west of ‘Il Belagaio’ could not
be identified, although the thrusting of strata of the Upper
Verrucano Formation onto Calcare cavernoso was ascer-
tained in the drill core at a depth of 75.80 m in the ‘Sondag-
gio del Belagaio’ borehole (Lazzarotto & Moretti 1973) and
by several east-vergent folds (e.g. Fig. 7a) and east directed
thrusts observed close to the drill site, confirming Oligo-
cene—early Miocene tectonic transport eastward. The above
proposed Oligocene—early Miocene thrust surface may have
been dissected by late Miocene to Quaternary tear fractures
and normal faults (Fig. 7b), which support the inference that
the thrust surface was dissected and displaced (see profile
1-1’ in the geological map of the Farma River Valley; Elec-
tronic Supplement).

The different tectono-metamorphic histories of both sub-
zones, as well as their relationships with subzone III, are not
addressed herein, and will be the object of a forthcoming
contribution.

The morphotectonic feature of the Farma River Valley
present between the extinct rhyolites of Torniella-Roccas-
trada (2.2-2.5 Ma) and the active hydrothermal system
Bagno di Petriolo is conspicuous, mainly because the fault
system forming that valley displays evidence pointing to a
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buried magmatic body emitting heat and fluids: In the central
and eastern parts of the valley, travertine deposits, cold and
warm (< 30 °C) springs precipitating calcareous tufa, traver-
tine and ferric hydroxide, H,S and CO, vents, hydrothermal
quartz precipitates, intensely altered/bleached zones and
rarely faint stibnite, cinnabar and pyrite mineralisations oc-
cur; many of these manifestations are controlled by faults
that acted as pathways for the Pliocene to recent mineralised
fluids and gases, supplied by an active magmatic reservoir
(Montanari et al. 2023). Therefore, the Farma River Valley
probably represents an exhumed system of steeply inclined
tear faults that connects the already cooled magmatic body,
which has fed the rhyolites of Torniella-Roccastrada at its
western margin, with an active magmatic reservoir below
Bagno di Petriolo at its eastern border. The onset of the activ-
ity of this geothermal system should be determined by dating
the age of the basal travertine layer deposited there. Tear
structures probably exerted control on the emplacement of
the eastward-younging magmatic bodies of the Tuscan Mag-
matic Province (M. Lupi, University of Geneva, written
communication; Nicollet et al. 2023).

8. Conclusions

The main results from the geological survey in the Farma
River Valley are as follows:

— The Farma River Valley exposes a key section across
the closely spaced interfering metamorphic core complexes
of Monticiano-Roccastrada of the inner zone of the Northern
Apennines.

— The deformation style, which is typical of the inner
zone of the Northern Apennines, was further complicated by
post-Messinian compressive phases, resulting in belt-paral-
lel shortening and vigorous oroclinal bending of the south-
ernmost quarter of the Mid-Tuscan Ridge.

— The observations support the ideas of an Emsian—early
Tournaisian age of the stratigraphic base of the MRMCC and
a Carboniferous age of the coeval formations following
above with erosive unconformity. A final answer will be
found in further palacontological studies.

— Highstand shedding onto a normal-fault-fragmentated
downlap surface of a uniform substratum started abruptly in
the earliest Tournaisian by the combined effects of rifting-
induced relief rejuvenation and of enhanced hydrological
cycling caused by the Hangenberg Crisis. These chronologi-
cally closely related events provoked the progradation of
predominantly siliciclastic tempestite-turbidite deposits,
which covered the inner and outer shelf, slope and basin
margin. Subsequently, this depositional mode prevailed until
the late Pennsylvanian, probably because of increasing ice-
house climate conditions.

— Regressive, littoral to terrestrial siliciclastics of Per-
mian to middle Triassic age cover the marine failed rift de-
posits. At the stratigraphic top of the latter, patches of Fu-
sulina limestone were interstratified. Partial basin inversion
caused their reworking into the Verrucano Group.

— Zones of crustal weakness (Devonian carbonaceous
mudstones, Carboniferous normal faults and late Triassic
evaporites) controlled during the late Palacogene the origin
of detachments, which enabled thrusting and tectonic burial
of the units and during the Neogene their dilatational exhu-
mation from a depth of ca. 25 km. The reactivated Carbonif-
erous normal faults confine tectono-stratigraphically homo-
geneous subzones: The latter are characterised by specific
lithology and deformation, which form the central part of the
closely spaced interfering metamorphic core complexes of
Monticiano-Roccastrada.

— The conspicuous geomorphology of the east—west-di-
rected Farma River Valley probably traces an exhumed sys-
tem of tear faults that connects the cooled magmatic body
below the rhyolites of Torniella-Roccastrada (2.3-2.5 Ma) at
its western margin with an active magmatic reservoir feeding
the hydrothermal system some kilometres below Bagno di
Petriolo at its eastern boundary.
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