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Abstract
Rift-basins are the shallow effects of lithosphere-scale extensional processes often producing polyphase faulting. Their sedi-
mentary evolution depends on the mutual interplay between tectonics, climate, and eustasy. Estimating the role of each factor 
is generally a challenging issue. This paper is focused on the tectono-sedimentary evolution of the Neogene Siena-Radicofani 
Basin, a polyphase structural depression located in the inner Northern Apennines. Since Miocene, this basin developed after 
prolonged extensional tectonics, first as a bowl-shaped structural depression, later reorganized into a half-graben structure 
due to the activation of high-angle normal faults in the Zanclean. At that time the basin contained coeval continental and 
marine settings controlled by the normal faulting that caused the development of local coarse-grained depositional systems. 
These were investigated to: (i) discriminate between the influences of tectonics and climate on sedimentation patterns, and 
(ii) provide detailed time constraints on fault activity. The analysed successions were deposited in an interval between 5.08 
and 4.52 Ma, when a climate-induced highstand phase occurred throughout the Mediterranean. However, evidence of local 
relative sea-level drops is registered in the sedimentary record, often associated with increased accommodation space and 
sediment supply. Such base-level fluctuations are not connected to climate changes, suggesting that the faults generally 
control sedimentation along the basin margins.

Keywords Marine-continental sedimentation · Extensional tectonics · Coarse-grained deposits · Inner Northern 
Apennines · Siena-Radicofani Basin

Introduction

One of the main effects of lithosphere extension is the devel-
opment of structural depressions (i.e., sedimentary basins) 
that form due to the activity of normal faults (McKenzie 

1978; Lister and Davis 1989; Gibbs 1990). Within the con-
text of extensional tectonics, hangingwall and supradetach-
ment basins are structural depressions related to extensional 
detachments (i.e., low angle normal faults, hereafter LANFs) 
controlling the progressive asymmetric growth of the basins 
and their syn-tectonic sedimentary infilling (Mack et al. 
2003; Brogi and Liotta, 2008 and references therein). Hang-
ingwall and supradetachment basins represent end-members 
of extensional basins, which are typical of highly-extended 
terrains (Friedman and Burbank 1995), where most of the 
sedimentary infill overlies the detachment (i.e., supradetach-
ment) or detachment-roof (i.e., hangingwall basins). These 
basins are different from those bounded by high-angle 
normal faults (hereafter HANFs) and typified by a lower 
amount of extension (Friedman and Burbank 1995). These 
two end-member basin types can be found coexisting in the 
same extensional settings, typically resulting from decreas-
ing strain rates combined with the progressive exhumation 
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of the deeper structural levels (Davis and Coney 1979; Lister 
et al. 1984; Jolivet et al. 1994; Booth-Rea et al. 2004).

LANFs typically predate HANFs in response to the crus-
tal heating and weakening, uplift, and exhumation followed 
by the reduction of strain rate and thermal re-equilibration, 
as described in areas of the extended continental crust due 
to orogenic collapse (Rosenbaum et al. 2005 with references 
therein), such as the case of the inner Northern Apennines 
(Carmignani et al. 1994; Dallmeyer and Liotta 1998; Brogi 
et al. 2005). However, the opposite is also observed, i.e., 
high-angle normal faulting followed by detachment faulting 
(Froitzheim and Manatschal 1996).

Different types of extensional basins develop different 
stratigraphic architectures. Although several papers describe 
the stratigraphic variability of graben and half-graben 
(namely basins controlled by HANFs: e.g., Gawthorpe and 
Leader 2000; Martins-Neto and Catuneanu 2010), few stud-
ies address the stratigraphic architecture of hangingwall and 
supradetachment basins later segmented by HANFs (e.g., 
Wernicke and Burchfiel 1982; Davis and Lister 1988; Fried-
mann and Burbank 1995).

The Siena-Radicofani Basin (inner Northern Apennines, 
Italy) is an excellent natural laboratory to investigate the 
tectonic impact on continental and marine sedimentation 
during its polyphase extension history. Specifically, the basin 
developed as a hangingwall basin since the Middle Miocene 
(Brogi 2011). Starting from the early Pliocene, the basin 
turned into a half graben due to the activation of a basin-
scale HANF system along its eastern margin (Pascucci et al. 
2007; Brogi 2008).

This paper aims at: (i) defining the timing of the LANF to 
HANF transition in the Siena-Radicofani Basin; (ii) assess-
ing the change of sedimentation patterns resulting from the 
activation of HANFs, and (iii) providing criteria to discrimi-
nate between tectonic vs climate control in the developments 
of marginal/paralic clastic successions. For this purpose, we 
reconstructed the tectonic evolution of the basin through 
the interpretation of 2D reflection seismic lines and struc-
tural analysis of key areas. Subsequently, we investigated 
five continental to open-marine successions and combined 
stratigraphic and sedimentological data with biostratigraphic 
analysis and palaeosoil information. Finally, the resulting 
stratigraphic dataset is linked to the previously established 
tectonic framework of the study area.

Geological setting of the Siena‑Radicofani 
Basin

The Siena-Radicofani Basin is an elongated, NNW-SSE 
trending structural depression of southern Tuscany (Fig. 1a, 
b) that consists of two sectors, named the Siena and Radi-
cofani sub-basins, to the north and south, respectively. The 

Siena-Radicofani Basin developed in the hinterland of the 
Northern Apennines (Fig. 1a, cf. Martini and Sagri 1993) 
and its infill provides one of the best records of the post-col-
lisional deposition in this sector of Apennines (Fig. 2). The 
area was affected by lithosphere-scale extensional tectonics 
since the Early to Middle Miocene (Carmignani et al. 1995; 
Jolivet et al. 1998; Liotta et al. 1998; Barchi 2010). Exten-
sion caused the thinning of the previously overthickened 
crust (Calcagnile and Panza 1981; Locardi and Nicolich 
1992) and gave rise to widespread magmatism (Serri et al. 
1993; Peccerillo 2003; Poli et al. 2002; Dini et al. 2005).

The evolution of the Siena-Radicofani Basin and other 
basins of the inner Northern Apennines is the subject of 
ongoing scientific debate. These basins have either been 
interpreted as grabens and half-grabens (Carmignani and 
Kligfield 1990; Martini and Sagri 1993; Pascucci et al. 1999, 
2006, 2007; Carmignani et al. 2001) or thrust-top basins 
developed in a polyphase compressional setting active until 
Quaternary times (Boccaletti and Sani 1998; Bonini 1999; 
Finetti et al. 2001; Bonini and Sani 2002). This topic is dis-
cussed in recent papers to which the reader is addressed 
for more details (Brogi et al. 2005; Brogi 2008; Brogi and 
Liotta 2008; Liotta and Brogi 2020). Brogi (2011) linked 
the earliest (i.e., Serravallian-Late Messinian) evolution 
of the Siena-Radicofani Basin (i.e., its northern sector, the 
Siena sub-Basin) to the development of a hanging-wall basin 
associated with extensional detachments that formed a bowl-
shaped structural depression. This structural depression was 
later dissected by late Zanclean-early Piacenzian HANFs 
(Brogi 2011, 2020) which, however, only slightly modified 
the original basin architecture. Specifically, the eastern mar-
gin of the Siena-Radicofani Basin is bounded by a regional 
NNW-trending high-angle normal fault system discontinu-
ously exposed for several kilometres (Figs. 1, 3, 4a). Tradi-
tionally, this structure is referred to as the “Rapolano Fault” 
in the northern part of the basin, and the “Cetona Fault” in 
its southern part (Passerini 1964; Liotta, 1996). This fault 
system consists of major and minor west-dipping HANFs 
characterised by cumulative displacement of about 1.5–2 km 
as estimated at its southern end (Liotta 1996; Pascucci et al. 
2006, 2007; Fig. 3), and of about 400 m in the northern 
part (Brogi 2011). The characteristics of the Neogene infill 
are different in the northern (i.e., Siena) and southern (i.e., 
Radicofani) basins. For this reason, past studies generally 
considered this structural depression as consisting of two 
distinct basins, the northern Siena Basin and the southern 
Radicofani Basin, with an intervening subtle structural high 
(i.e., the “Pienza high”, see Figs. 1, 2) that influenced at least 
the Pliocene stratigraphic evolution. 

In this study, we instead present the Siena-Radicofani 
Basin as a continuous basin; we show that the Siena and 
Radicofani sub-basins are genetically related and share 
most of the tectono-stratigraphic events affecting the area. 
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In this view, the “Pienza high” never represented a major 
morpho-structural feature compartmentalising the evolution 
of the sub-basins. In addition, the flooding of the “Pienza 
high” during the Zanclean established marine communica-
tion between northern and southern sectors of the Siena-
Radicofani Basin.

Neogene–Pleistocene sedimentation 
in the Siena‑Radicofani Basin

Neogene sedimentation in the Siena-Radicofani Basin 
started in the late Serravallian-Messinian with the deposition 
of continental to shallow marine sediments. These sediments 

Fig. 1  a Tectonic sketch of the Northern Apennines. b Geological map of the Siena-Radicofani Basin, with location of investigated sections and 
traces of seismic profiles (modified from Brogi 2011)
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are exposed in small marginal areas in the northern part of 
the Siena sub-Basin (Lazzarotto and Sandrelli 1977; Bossio 
et al. 2002) and possibly imaged in some 2D seismic lines 
in the Radicofani sub-Basin as well (Bonini and Sani 2002; 
Brogi 2011). Pliocene sedimentation was characterised by 
a basin-scale marine transgression mainly recorded by off-
shore fine-grained sediments and marginal paralic, locally 
coarse-grained, deposits (Fig. 2). Specifically, Pliocene 
sedimentation was different in the two sub-basins, with its 
features described below and summarised in Fig. 2:

 (I) In the Siena sub-Basin Pliocene deposits reach a 
maximum thickness of about 600 m (Bonini and 
Sani 2002; Brogi 2011) and unconformably over-
lie both the Miocene continental deposits and the 
basin substratum (Costantini et al. 1982). Pliocene 
deposits consist mostly of marine sediments, even 
if alluvial sediments were deposited close to the 
basin margins (Bossio et al. 1992, 1993; Aldinucci 
et al. 2007; Martini et al. 2011, 2013; Arragoni 
et al. 2012). Pliocene marine sedimentation started 
in the early Zanclean (Bossio et al. 1992; Riforgiato 
et al. 2005) and lasted until the upper Piacenzian/
lower Gelasian (Martini et al. 2016; Martini and 
Aldinucci 2017) due to regional uplift (Marinelli 

1975). Finally, in some sectors of the sub-basin, 
Pliocene sediments were unconformably overlain 
by fluvio-lacustrine Pleistocene gravel, sand, clay 
and/or Pleistocene travertine (Aldinucci et al. 2007; 
Brogi 2004; Bianchi et al. 2013);

 (II) In the Radicofani sub-Basin Pliocene deposits are 
thicker, exceeding 1 km in the depocentral part of 
the basin, and unconformably overlie the Miocene 
continental deposits (Liotta 1996; Bonini and Sani 
2002; Brogi 2008; Marroni et al. 2015). Two dis-
tinct depositional “cycles” have traditionally been 
described for the Pliocene succession (Iaccarino 
et al. 1994; Liotta and Salvatorini 1994; Pascucci 
2004; Ghinassi and Lazzarotto 2005). The older 
“cycle” is characterized by siliciclastic sediments 
(sandstone, mudstone, and claystone passing bas-
inward to offshore mudstone with interbedded tur-
bidites) and extends from the base to the top of the 
Zanclean (MPl1 to MPl4a biozones of the zonal 
scheme proposed by Iaccarino et al. 2007 and refer-
ences therein). The younger cycle is mainly com-
posed of Amphistegina limestone and nearshore 
sandstone deposited during the Piacenzian (MPl4b-
MPl5a, cf. Iaccarino et al. 1994) and unconform-
ably overlies both the older Pliocene sediments and 

Fig. 2  Synthetic stratigraphic columns of the Pliocene sedimentary 
infill in various sectors of the Siena-Radicofani Basin and their bio- 
and chrono-stratigraphic correlation (data for the Siena sub-Basin 

derived from Bossio et al. 1992, 1993; Martini and Sandrelli, 2015; 
Martini et al. 2015, 2017; data for the Radicofani sub-Basin derived 
from Liotta and Salvatorini 1994)
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the pre-Neogene bedrock. Piacenzian deposits only 
crop out close to the eastern basin margin. Finally, 
Pliocene sediments were intruded and covered by 
magmatic rocks, presently preserved in the Radi-
cofani neck (trachybasalt, olivine-latite and olivin-
etrachytic scoria dated at about 1.3 Ma, D’Orazio 
et al. 1991, 1994, Fig. 1).

Methods and terminology

This study is based on the integration of different data sets, 
including: (i) reflection seismic lines and borehole data; 
(ii) structural and kinematic data; and (iii) stratigraphic 
and sedimentological analyses. Seismic and structural data 
were collected in the Radicofani sub-Basin to integrate 
them with the dataset presented from the Siena sub-Basin 
by Brogi (2011).

Four seismic profiles acquired in the 80 s by AGIP-FINA 
for oil exploration, using vibroseis energy sources, have been 
analysed. The applied conventional processing sequence pro-
vided by Mariani & Prato (1988) allows us to image the 
basin and its substratum down to 3 s two-way travel time 
(TWT), with a datum plane at 200 m above sea level. Well 
data from 6 boreholes have been used to calibrate the seis-
mic interpretation (cf. Bonini and Sani 2002; Brogi 2008; 
Brogi and Fabbrini 2009).

Structural and kinematic data were collected along the 
Cetona Fault (HANF) that together with its northern contin-
uation (the so-called “Rapolano Fault”, for which structural 
data was presented in Brogi 2011) is the master fault of the 
Siena-Radicofani Basin (Fig. 1).

Stratigraphic and sedimentological data have been col-
lected in five key localities (Fig. 1), which are described 
following the sedimentological terminology of Harms et al. 
(1975, 1982) and Collinson et al. (2006). These new data 
are integrated with published data regarding the bio-chron-
ostratigraphic attribution of the investigated successions. 
Data are standardised according to the zonal schemes of 
Cita (1975), Raffi and Rio (1979), Rio et al. (1990), Lourens 
et al. (2004) and Iaccarino et al. (2007).

Seismic interpretation

Seismic profiles through the Radicofani sub-Basin, SIF 10, 
11, and 13 (all striking SW-NE, i.e., perpendicular to the 
basin axis), and SIF 15 (oriented NW–SE along the basin 
axis, see Fig. 3 and Fig. 1b for their location) have been 
interpreted to reconstruct its architectural features. Available 
borehole logs (Fig. 3) allow the calibration of seismic facies 
and the main seismic markers.

All seismic profiles show widespread reflectivity in 
the upper part, characterized by high contrast in acoustic 
impedance (Fig. 3). The base of the basin (i.e., boundary 
between pre-Neogene substratum and Neogene deposits) is 
highlighted by a rather continuous seismic marker consisting 
of a high amplitude and high-frequency reflection (Fig. 3, 
SIF13). In contrast, the basin substratum (seismic units C–E 
in Fig. 3) is characterized by attenuated reflectivity due to 
the absorption of energy by the overlying less consolidated 
sediments.

We focus on the description of seismic features of Neogene 
seismic units (A and B); the reader is addressed to Brogi and 
Fabbrini (2009) for the description of the pre-Neogene seismic 
units (C–E). Concerning the Neogene filling sediments, two 
seismic units (A and B) delimited by angular unconformities 
have been recognized. Borehole data allow us to correlate seis-
mic unit B with Miocene deposits and seismic unit A with 
Pliocene deposits. The stratigraphically lower seismic unit B 
is only imaged in seismic profiles SIF11, SIF13 and SIF15 
(Fig. 3). The unit is characterized by local, well-organized and 
sub-parallel, short reflections with moderate amplitude, and by 
quasi-transparent patterns. Reflections are sub-parallel to the 
base of the basin, onlapping toward both west and east, defin-
ing an asymmetric synform. Seismic unit B unconformably 
overlies seismic unit A; the angular unconformity is marked 
by a continuous high-amplitude reflection, locally assuming 
bright-spot characteristics (Fig. 3).

Seismic unit A overlies both unit B and the basin substra-
tum (Fig. 3) and is characterized by high amplitude, well-
marked, parallel, and continuous reflections, between which 
quasi-transparent patterns are locally sandwiched. The high-
amplitude reflection at the base of unit A shows a dome shape 
centred in the central part of seismic profiles SIF11 and SIF13 
(Fig. 3). In contrast, this feature is not recognisable in the 
SIF10 profile, suggesting its progressive smoothing toward 
the north. This is imaged by the NW–SE profile SIF15, in 
which the base of the seismic unit A unconformably overlies 
the basin substratum with sub-horizontal internal reflections. 
The reflections become gently east-dipping in the eastern 
part of the basin (SIF10, SIF11 and SIF13 profiles, Fig. 3), 
downlapping the basin substratum and forming a broad asym-
metric bowl-shape reflection, particularly evident in profiles 
SIF10, SIF11 and SIF12 (Fig. 3). In the easternmost part of 
these profiles, the gently inclined reflections are truncated by 
a transparent pattern corresponding to the basin substratum, 
thus indicating the westward dipping “Cetona Fault” system. 
It appears to be composed of different coalescing fault seg-
ments displacing the base of seismic unit A with vertical off-
set < 0.3 s TWT (Fig. 3). In the western part of the basin, the 
reflections become gently west-dipping (SIF11, Fig. 3), and 
downlap the basin substratum. Laterally, the gently inclined 
reflections are truncated by different seismic facies typical of 
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Fig. 3  Migrated reflection seismic profiles (seismic lines are from 
Bonini and Sani 2002 and Pascucci et  al. 2007) and stratigraphy of 
the two most important calibration boreholes. The line drawings show 

the geological interpretation of the main faults and filling sediments. 
TWT: two-way travel time
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the basin substratum, indicating westward-dipping normal 
fault segments with a total offset < 0.4 s TWT.

Seismic profile SIF15 highlights two main fault zones, 
characterized by fault arrays that are interpreted as positive 
flower structures, therefore indicating strike- to oblique-slip 
kinematics. Faults show normal and minor reverse offsets up 
to 0.2 s TWT of the basin substratum and affect all the over-
lying seismic units. The kinematics of these faults have been 
defined at the surface, where some of these segments are 
exposed. These data are reported in the following paragraph.

Structural and kinematic data

As previously stated, the Siena-Radicofani Basin developed 
as a hanging-wall basin since the Serravallian–Late Messin-
ian; its architecture was modified by a HANF system dur-
ing Zanclean-Piacenzian (Brogi 2011). HANFs produced a 
half-graben structure, with the master fault system located 
in the eastern margin of the basin (i.e., Rapolano Fault, to 
the north, and the Cetona Fault, to the south). Minor HANFs 

Fig. 4  a Panoramic view of the Cetona normal fault scarp; b detail 
of the Cetona Fault scarp separating the Triassic “Calcari a Rhaeta-
vicula contorta” Fm from the clastic Pliocene sediments; c detail of 

the main fault surface; (d, e) tectonic breccia cemented by clay (d) 
and Fe-hydroxides (e) forming the main cataclasite level; (f, g) minor 
faults affecting the footwall of the Cetona Fault
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also occur in the western margin of the Basin (Costantini 
et al. 1982) (Figs. 1, 3).

In this paragraph, we present structural and kinematic 
data (i) from the Cetona Fault, and (ii) from NE-striking 
faults cutting the Cetona Fault that are interpreted as part 
of a transfer zone active during the basin development (see 
Liotta, 1991; Brogi et al. 2010a, b, 2014, 2020 for the Siena-
Radicofani Basin; Dini et al. 2008; Liotta et al. 2015; Liotta 
and Brogi, 2020 for a broader overview on the inner North-
ern Apennines).

The Cetona Fault, NNW-striking and steeply dipping 
toward WSW, juxtaposes the Neogene deposits filling the 
basin with the Jurassic carbonate succession (Figs. 1, 3, 
4a–c). It is characterised by a decametres-thick fault zone 
with a fault core consisting of a meter-thick cataclasite made 
up of discontinuous breccia formed by mm- to dm-sized ele-
ments, dispersed within a clayey matrix mainly composed of 
Pliocene marine sandy clay (Fig. 4d–e). The damage zone, 
well developed in the footwall, consists of about 40–50 m 
of fractured carbonate beds belonging to the Late Triassic 
Calcare a Rhaetavicula contorta Fm or Early Jurassic Cal-
care Massiccio Fm (Fig. 1). Fractures (comprising mode-I 
joints, deformation bands, and slip surfaces) are spaced from 
1 to 20 fractures per metre and are aligned parallel to the 
fault plane. En-echelon fractures are mainly developed in 
the hanging wall where minor normal faults (Figs. 4f–g), 
characterized by metre-scale displacements, are close to the 
principal slip surface. The geometry and kinematics of the 
minor faults are compatible with the master fault evolution.

Kinematic indicators consist of slickenlines, calcite slick-
enfibres, lunate structures, chatter marks and grooves. The 
kinematic analyses carried out on more than 50 structural 
stations on both main and minor faults indicate that the fault 
system delimiting the eastern side of the Radiconfani sub-
Basin was mainly characterized by a dominant down-dip 
movement coupled with a modest strike-slip one (oblique-
slip transtensional kinematics, Fig. 5). Minor faults show-
ing similar geometric and kinematic features also affected 
the Zanclean sediments, but they are buried by Piacenzian 
calcarenite (Liotta 1996; Pascucci et al. 2007).

Faults belonging to the transfer fault system interrupt, in 
several parts, the continuity of the NNW-trending Cetona 
fault system (Fig. 5a). These structures are NE-striking and 
define brittle shear zones up to 1 km wide, formed by fault 
segments that are often anastomosed and characterized by 
almost strike-slip to normal movements. The fault segments 
affect Mesozoic carbonate rocks and are characterized by 
a thin (ca. 5–10 cm) core zone. Their damage zones range 
from 1 to 5 m in width and are characterized by fractured 
rock masses with Ca and Ca–Fe carbonate and Fe-hydroxide 
veins.

Kinematic indicators, consisting of mechanical striations, 
calcite and Fe-hydroxide fibres, and minor fractures within 

the damage zones, indicate left-lateral kinematics (Fig. 5b). 
NE-striking faults are often arranged in overstepping seg-
ments that form releasing step-over zones up to 1.5 km long 
and 2 km wide (Fig. 5b). These areas correspond to local-
ised structural depressions interpreted as negative flower 
structures (see Fig. 5b). In area 2 (Fig. 5a) the exposed 
NE-striking faults correspond to those identified in the 
seismic profile SIF15 (Fig. 3). Outcrops show coexisting 
transpressional and transtensional faults, with a dominant 
left-lateral strike-slip component (Fig. 6). Horizontal off-sets 
cannot be defined, whereas, in some cases, the vertical ones 
exceed 20 m. In some cases, fault segments with transpres-
sive kinematics define positive flower-like structures giving 
rise to gentle folds affecting the Zanclean marine sediments 
(Fig. 6).

The age of the NE-striking faults defining the transfer 
zones can be placed between Pliocene and late Pleistocene, 
or even younger, on the basis of their role in favoring Pleisto-
cene travertine deposition (cf, Brogi et al. 2012) and in con-
trolling the Pliocene sedimentation (Pascucci et al. 2007). 
Nevertheless, an older age (i.e., Middle-Late Miocene) can-
not be ruled out on the basis of regional considerations (see. 
Liotta et al. 2015; Zucchi, 2020).

The investigated successions

The stratigraphic and sedimentological features of five suc-
cessions are described below (see Figs. 7, 8, 9, 10). All these 
successions were deposited in the Zanclean and are charac-
terized by the occurrence of thick coarse-grained deposits 
that record deposition in different sedimentary environments 
(Fig. 2).

Podere Renieri succession

Stratigraphy and sedimentology

The Podere Renieri succession crops out on the western 
margin of the Siena sub-Basin (Fig. 1), is about 180 m 
thick and comprises three intervals (PR_1 to PR_3, 
Fig. 7a), here described in stratigraphic order. Interval 
PR_1 (~ 100 m thick) is fully marine and unconform-
ably overlies the pre-Neogene substratum (Fig. 7a). The 
interval starts with wave-winnowed lag deposits passing 
upward to fossiliferous marine sandy mudstones indicative 
of an offshore transition setting. At the top of the inter-
val, mudstones are abruptly overlain by clinostratified 
fine- to medium-grained sandstones (Fig. 7B), which at 
places contain lens-shaped conglomerate bodies. These 
features suggest a deposition in a marine shoal-water delta 
environment, in which lens-shaped conglomerates can be 
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interpreted as distributary channels (sensu Ambrosetti 
et al. 2017).

Interval PR_2 (~ 60 m thick) is fully continental and 
starts with lacustrine grey sandy mudstone containing root 
traces, ostracods and characeae oogons (Bossio et al. 1992), 
indicative of a shallow lacustrine environment (Fig. 7a). 
These lacustrine sediments grade upwards to alluvial fan 
deposits that are composed of conglomerates, sandy mud-
stones and pebbly sandstones arranged in a coarsening- to 
fining-upward succession (Fig. 7c). The alluvial fan depos-
its display evidence of pedogenetic processes of which a 
detailed description is provided by Costantini and Priori 
(2007). These authors recognized that the most distinctive 
paleosols contained plinthite, which is typical of hot and 
humid climates (Costantini and Priori 2007 and references 
therein).

Finally, interval PR_3 (~ 15 m thick) starts with pebbly 
conglomerate alternating with dark-grey mudstone units, 
rich in organic matter and containing fauna indicative of 
lagoonal settings (Figs. 7a–c, cf. Bossio et al. 1992). The 
lagoonal deposits are overlain by shallow marine silty sand-
stone containing mollusc fragments passing upward to off-
shore mudstone.

Depositional age

Bio-chronostratigraphic analysis performed by Bossio 
et al. (1992) indicates that the deposition of interval PR_1 
occurred in the Zanclean. The deposition started at the base 
of the MPl1 biozone and persisted until the MPl2 biozone. 
The deposits of interval PR_2 do not contain bio-chron-
ostratigraphic indicators. However, the base of interval PR_3 

Fig. 5  a Tectonic sketch-map of the Radicofani sub-Basin showing 
the main structures and the areas where the structural and kinemat-
ics analyses have been carried out. b, c details of the tectonic setting 

of some analysed areas. Stereographic diagrams (lower hemisphere, 
Schmidt diagram) showing the main kinematics data are also illus-
trated
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is well constrained to the MPl3 biozone (Bossio et al. 1992). 
Therefore, the continental interval PR_2 was deposited in 
the Zanclean, and more specifically in the MPl2 and MPl3 
biozones, i.e., between 4.8 and 4.1 Ma.

Monticchiello succession

Stratigraphy and sedimentology

The Monticchiello succession was deposited in fully 
marine settings (Martini et al. 2017) and is subdivided 
in three intervals (MO_1 to MO_3 in stratigraphic order, 
Fig. 8b). Interval MO_1 shows at the base gently inclined 
(up to 7–8°) shoal-water delta mouth-bar deposits (sand-
stones with minor conglomerates), passing basinward to 
sub-horizontal prodelta fine-grained sediments (Fig. 8a, 
b). These deposits are abruptly overlain by coarse-grained 
and seaward inclined conglomerates belonging to interval 

MO_2. This interval is about 65 m thick and displays a 
vertical progressive increase in inclination (up to about 
30°), basinward passing into sub-horizontal alternation 
of mudstone, sandstone and conglomerate (Fig. 8a, b, c). 
According to Martini et al. (2017), the deposits of interval 
MO_2 document a Gilbert-type delta environment (Gilbert 
1885), in which the inclined bedsets represent the delta 
foreset, whereas underlying sub-horizontal bedsets cor-
respond to the bottomset. Finally, gently inclined to sub-
horizontal poorly sorted shoal-water delta sandstone (up 
to 30 m thick) overlies both foreset and bottomset deposits 
(Figs. 8a, b), through a sharp surface marked by a gravel 
lag. These deposits constitute interval MO_3. According 
to Martini et al. (2017), the bounding surface between 
intervals MO_2 and MO_3 records the combination of a 
relative sea-level fall and a subsequent transgression.

Fig. 6  a Transpressive meso-
scopic faults affecting Zanclean 
sandstone and conglomer-
ate near Contignano (area 2 
in Fig. 5). b, c photographs 
illustrating the kinematic indi-
cators consisting of mechani-
cal striation and suggesting a 
dominant strike-slip movement. 
d Southeast-dipping sediments 
in the flank of the flower struc-
ture recognised in the area 2 
(see Figs. 2 and 5 for location). 
e, f mesoscopic normal faults 
coexisting with the strike-slip 
and their transpressive counter-
parts in the area 2 (see Fig. 5 for 
location)
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Depositional age

Micropaleontological data indicate that the Gilbert-type 
sediments were deposited in the Zanclean, and more in par-
ticular in the MNN14/15 calcareous nannofossils biozone 
(Martini et al. 2017), i.e., in a time-interval between 4.13 
and 3.85 Ma. The uppermost shoal-water delta deposits are 
lateral equivalent to deposits exposed in nearby areas and 
belong to the upper part of the Zanclean (MPl4a biozone, 
Marini 2001).

La Foce succession

Stratigraphy and sedimentology

The succession exposed at “La Foce” mainly consists of 
coarse-grained conglomerate and gravelly sandstone. These 
deposits form an extended wedge (Fig. 9a), which is locally 
downfaulted and recognizable in seismic lines (Costantini 
and Dringoli 2003; Pascucci et al. 2006, see also seismic line 
SIF10 in Fig. 3) passing laterally to offshore marine deposits 
(cf. Lucciolabella Unit of Pascucci et al. 2006). According 
to Pascucci et al. (2006), the succession can be subdivided 
into three intervals (FO_1 to FO_3 in stratigraphic order, 

Fig. 9b). Interval FO_1 (~ 280 m thick) consists of con-
glomerate and sandstone deposited in an alluvial fan setting 
(Fig. 9b). The overlying interval FO_2 (115 m thick) records 
the vertical stacking of at least 15 Gilbert-type delta fore-
sets. Steeply inclined foreset deposits locally alternate with 
gently-inclined to sub-horizontal sandstone and siltstone 
(i.e., delta bottomsets). Furthermore, Pascucci et al. (2006) 
also report the occurrence of some large nested-channelized 
gravelly deposits, interpretable as topset deposits of the Gil-
bert-type deltaic system. All these facies display features 
indicating the deposition in a shallow-marine environment 
(probably nearshore), including: i) clasts with borings by 
sponges and by Lithophaga or encrusted with marine bar-
nacles and oysters; and ii) bioturbation in sandstone beds.

Finally, interval FO_3 (~ 200 m thick) is composed of 
marine fine- to medium-grained shoreface sandstone pass-
ing basinward to offshore clay deposits (cf. Lucciolabella 
Unit of Pascucci et al. 2006) that overlie the FO_2 deposits 
(Fig. 9B).

Depositional age

The deposition of these units occurred in the Zanclean. 
Pascucci et al. (2006) dated these deposits to the MPl2 

Fig. 7  a Stratigraphic log of the sedimentary succession exposed at 
Podere Renieri (PR 1–3). b Sharp and slight erosional boundary sepa-
rating offshore transition deposits from shoal-water deltaic sandstone. 
c Panoramic view of the continental succession exposed at Podere 

Renieri. Note the coarsening-upward to fining-upward grain-size 
trends. A marine flooding (marked by a wave-ravinement surface) 
bounded alluvial deposits at their top. Above this surface lagoon to 
offshore deposits occur
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biozone (that starts at 5.08 Ma), but they do not exclude 
that sedimentation could have continued up to the MPl3 
biozone. Bianucci et al. (2009) analysed a section in the 
FO_2 equivalent Lucciolabella Unit (offshore mudstone) 
and reported a depositional age comprised between the 

MPl3 and MPl4a biozones. Considering that offshore 
sediments analysed by Bianucci et al. (2009) are down-
faulted with respect to the La Foce succession, we suggest 
attributing the deposits of the La Foce succession to the 
MPl2-MPl3 biozones.

Fig. 8  Sedimentary features of the deposits exposed in the Montic-
chiello area. a Panoramic view of the upper part of the succession. 
From the right corner of the picture to the left is possible to observe 
the steeping of foreset beds, up to the high value that typifies Gilbert-
type delta foresets. The conglomeratic foresets are abruptly overlaid 

by shoal-water delta sandstone. b Synthetic stratigraphic log of the 
investigated succession. c Detail of the bottomset (sub-horizonatal 
beds) to foreset (steep inclined beds) transition in the lower part of 
the succession
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Podere Pantano succession

Stratigraphy and sedimentology

The Podere Pantano succession is located in the central 
part of the Radicofani sub-Basin (Figs. 1, 10a). Here, 
gravel-dominated bodies occur interstratified within 
marine mudstone at various stratigraphic positions (c.f. 
“Conglomerati delle Bandite” of Iaccarino et al. 1994; 
“Conglomerati di Podere Pantano” of Liotta and Salva-
torini 1994; sedimentary unit “P1a” of Pascucci et al. 
2006). These deposits are traditionally interpreted as 
bodies emplaced into offshore mudstone by subaqueous 
gravity flows.

In this study, we focused on the better exposed 
and stratigraphically highest of these gravelly bodies 
(Fig. 10a), which reaches a maximum thickness of about 
25 m and displays a channel-like shape. Its basal surface 
is erosional and slightly concave upward, while its upper 
boundary with overlying marine mudstones is sharp and 
flat. Clasts range from pebble to boulder (up to 30 cm) in 

size, are well-rounded, and show abraded and reworked 
bio-erosion and Lithophaga traces. These gravel strata 
generally contain a sand matrix, but also open-framework 
beds occur. Some clasts show imbrication indicating a 
northward paleoflow direction. These gravel beds are 
typically plane- to cross-stratified, a feature that indicates 
tractional depositional processes. All these sedimentolog-
ical features in combination with the channel-like shape 
of the deposits suggest deposition in a fluvial environ-
ment, within an incised palaeo-valley.

Depositional age

The marine mudstone in which the channelized conglomer-
ates are interbedded is attributed to the Zanclean and more 
specifically to the MPl2 biozone (Iaccarino et al. 1994; 
Liotta and Salvatorini 1994), i.e., the time-interval between 
5.08 and 4.52 Ma.

Fig. 9  a Geological map of the “La Foce-Lucciolabella” area 
(redrawn from Pascucci et al. 2006). b Synthetic sedimentary log of 
the coarse-grained succession exposed in the surroundings of La Foce 

(after Pascucci et al. 2006). c Panoramic view of the upper part of the 
La Foce succession. Note the repeated and vertically stacked Gilbert-
type delta foresets in interval FO_2
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Fig. 10  a View of the Podere Pantano conglomerates (marked by 
a red dashed line at the base and by a white dashed line at its top), 
sandwiched between offshore fines dated to the MPl2 Zone of 
Foraminifera zonation. The Radicofani volcano neck (dated at about 
1.3 Ma, D’Orazio et al. 1994) is visible in the left corner of the photo. 
b Outcrop view of typical olistostromes deposits. Note the chaotic 

distribution of debris and blocks within the mudstone. Mudstone 
deposits were deposited in offshore settings during the MPl2 biozone. 
c Olistostrome limestone block perforated by Lithopaga and attesting 
the re-working of older marine deposits (hammer for scale). d Boul-
der-sized clasts within olistostrome deposits
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Olistostromes in the south‑western margin 
of the Siena‑Radicofani basin

Stratigraphy and sedimentology

The south-western margin of the Radicofani sub-Basin is 
characterized by the occurrence of olistostromes within 
Pliocene marine deposits (Liotta and Salvatorini 1994). 
These are slumped chaotic sedimentary bodies emplaced 
within offshore and deep-water mudstone (Fig. 10b). They 
are composed of polymictic materials (Figs. 10c, d) derived 
from Cretaceous Ligurian Units and from re-worked Plio-
cene deposits (e.g., gravels with bio-erosion traces and bor-
ings). Clasts and debris show extreme variability in size 
(from centimetre-size up to some meters). The origin of the 
olistostromes is related to the uplift of the western flank of 
the basin, which triggered slumps of exposed substratum 
material into the marine basin.

Depositional age

According to Liotta and Salvatorini (1994), Liotta (1996), 
Pascucci et al. (2006), olistostrome emplacement took place 
in the Zanclean during the MPl2 biozone, i.e., between 5.08 
and 4.52 Ma.

Discussions

Evolution of the Siena‑Radicofani Basin

The structural-kinematic and seismic dataset from the 
Radicofani sub-Basin agrees with the data from the Siena 
sub-Basin presented by Brogi (2011) (Figs. 1, 3, 4, 5, 6). 
Similar to the Siena sub-Basin the Pliocene deposits in the 
Radicofani sub-Basin (S.Un.A in Fig. 3) are also folded in 
correspondence of the Rapolano-Cetona Fault system, and 
covered by the youngest sediments showing an overall gentle 

Fig. 11  Cartoon showing the 
evolution of the Siena-Radico-
fani Basin (modified after Brogi 
2020): a late Serravallian- Zan-
clean (MPl1 biozone): sedimen-
tation in a bowl-shaped tectonic 
depression. Deposition started 
in the Miocene (continental 
to brackish/shallow marine? 
Deposits) and continued in the 
Zanclean (marine and subor-
dinated continental deposits). 
b Zanclean (MPl2 biozone): 
activation of HANFs (high-
angle normal faults) that dis-
sected the previously developed 
structures and deposits and that 
locally controlled the variations 
in accommodation space and 
sedimenty supply of coarse-
grained successions. c Zanclean 
(MPl3 biozone)-Gelasian: 
marine deposition continued as 
well as the activity of HANFs, 
even if with less influence on 
the sedimentation patterns
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synformal shape well visible on seismic (SIF 13, Fig. 3; 
Fig. 11). This attests Pliocene syn-sedimentary faulting that 
ended during the Piacenzian, which is the youngest age of 
the Pliocene deposits documented in the Radicofani Sub-
Basin (Liotta and Salvatorini, 1994). Similar evidence comes 
from the other seismic profiles (Fig. 3): the Pliocene activ-
ity of the HANFs is, in fact, revealed by the seismic profile 
SIF11 (Fig. 3). This profile highlights Zanclean sediments 
onlapping on the basin substratum, which have been rotated 
and dissected by the Cetona Fault system (Figs. 3, 11). The 
same fault system is, in turn, buried by Piacenzian sediments 
(Fig. 3). Miocene sediments did not record syn-depositional 
faulting associated with Cetona Fault activity. This implies 
that fault initiation occurred during the Zanclean (Fig. 11). 
This is in agreement with the data from the Siena sub-Basin, 
where the activity of the Rapolano Fault system (Fig. 1) has 
been dated to the same time interval (Bambini et al. 2010; 
Brogi 2011). In this view, the Miocene deposits imaged at 
depth in the whole Siena-Radicofani Basin, were accommo-
dated in a bowl-shaped structural depression pre-dating the 
Cetona Fault and related to previous extensional structures.

The activity of the NE-trending strike- to oblique-slip 
faults defining the positive and negative flower-like struc-
tures (Figs. 3, 5 and 6) is also related to the evolution of the 
basin. These structures influenced Pliocene sedimentation 
(Pascucci et al. 2007) and deformed Pliocene sediments, 
also interrupting the continuity of the NNW-trending Cetona 
Fault. All evidence supports a contemporaneous interplay 
between the NNW-SSE striking normal faults (i.e., the 
Cetona Fault) and the SW-NE striking strike-slip to normal 
ones. This setting is interpreted as the consequence of the 
dynamic evolution of the Neogene basins that formed in 
areas affected by different amounts of extension (cf. Liotta 
1991). On the basis of our data and literature (Pascucci 
et al. 2007; Brogi et al. 2012; Vignaroli et al. 2013), the 
SW-NE striking faults are likely between Pliocene and late 
Pleistocene in age or even younger. In fact, these structures 
played a role in controlling hydrothermal circulation and 
Pleistocene-Holocene travertine deposition (Brogi et al. 
2012, 2020; Vignaroli et al. 2013). Nevertheless, an older 
age (i.e. middle-late Miocene) cannot be ruled out on the 
basis of regional considerations, especially when consid-
ering observations from areas to the West and Northwest 
(e,g., Dini et al. 2008; Liotta et al. 2015; Zucchi et al. 2017; 
Zucchi, 2020). Low-magnitude seismicity aligned along 
with these structures (Buonasorte et al. 1987; Liotta, 1991; 
Brogi et al. 2014, 2020; Mantovani et al. 2015; Piccardi et al. 
2017) suggests present-day activity, at least along some fault 
segments.

The coexistence of normal and transfer fault zones has 
been documented in the whole inner Northern Apennines 
since the Neogene (Liotta, 1991; Carmignani et al. 1995; 
Liotta et al. 1998, 2015; Bonciani et al. 2005; Brogi et al. 

2005; Zucchi et al. 2017), with magmatism and related 
hydrothermal circulation related to still on-going extensional 
processes, with a prominent SW-NE-oriented distribution 
along the main transfer zones (Liotta and Brogi, 2020). In 
the Monte Amiata volcano-geothermal area (Brogi 2008; 
Batini et al. 2003), NE-trending faults are considered to be 
the main structures controlling the evolution of this mid-
dle Pleistocene volcano (Mazzuoli et al. 1995; Ferrari et al. 
1996; Cadoux and Pinti, 2009; Brogi et al. 2010a) and the 
development of Hg-Sb ore deposits (Brogi et al. 2011). Simi-
larly, NE-trending structures were strictly associated with 
the Pleistocene volcanism of Northern Latium (Acocella and 
Funiciello, 1999, 2006) and magmatism in the northern Tyr-
rhenian Sea (Dini et al. 2008; Liotta et al. 2015).

Base‑level falls: tectonic versus climate

In this section, we aim to discern the role of tectonics vs 
climate in controlling the stratigraphic evolution of the 
investigated sections. Detecting the respective signature of 
tectonics and climate on the stratigraphic record is gener-
ally challenging when assessing successions dominated by 
paralic and/or continental sediments due to the general pau-
city of well-defined time constraints. This is also the case 
in the Neogene basins of the inner Northern Apennines, 
which could however be compared with coeval and deep-
water successions exposed in the outer Northern Apennines, 
where tectonic and climatic influences on the sedimentation 
patterns have been well documented (Capozzi and Picotti 
2003).

Despite the different Pliocene tectonic settings in the outer 
and inner Northern Apennines (Conti et al. 2020, and refer-
ences therein), similar climate conditions can be assumed to 
have occurred throughout the region. This provides a helpful 
tool for comparing climatic-driven depositional sequences of 
the Adriatic side with the stratigraphic record of the Siena-
Radicofani Basin. In detail, Capozzi and Picotti (2003) rec-
ognized four major climate-eustatic events in the Pliocene 
of the Outer Northern Apennines that directly controlled 
the stratigraphic record. Of these, only two climate-eustatic 
sea-level falls took place within the Zanclean (Fig. 12): the 
older related to a limited glacio-eustatic cooling at about 
4.2 Ma (cf. Kloosterboer-van Hoeve et al. 2001), while the 
younger was related to an important climate cooling phase 
starting at 3.75 Ma (Vergnaud Grazzini et al. 1999). Conse-
quently, according to Capozzi and Picotti (2003), the basal 
Pliocene transgression that restored marine settings in the 
Mediterranean area during the aftermath of the Messinian 
crisis was followed by a highstand phase that persisted until 
4.2 Ma (Fig. 12).

At least two of the investigated successions we investi-
gated documented base-level drops before 4.2 Ma (Fig. 12). 
In the Podere Renieri succession (Fig. 7) a base-level drop 
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within the MPl2 biozone is marked by sharp-based mouth 
bar deposits above offshore mudstone. Sharp-based mouth-
bars were also reported as a consequence of autocyclic 
controlling factors (cf. Fielding et al. 2005; Martini and 
Sandrelli 2015); but the lack of a complete deltaic succes-
sion (prodelta and distributary channel deposits were never 
recognized) suggests allocyclic factors (i.e., a forced regres-
sion) as responsible for this superimposition. Moreover, in 
the same section the interval PR_2 documents evidence of 
plinthite-like paleosols (cf. Costantini and Priori 2007), 
indicating hot and humid conditions. This continental inter-
val is stratigraphically situated between a base-level fall at 
the base and a transgressive surface at the top and conse-
quently, it records deposition during a lowstand phase of the 
relative sea-level (Figs. 7, 12). Climate-induced sea-level 
drops occur during cooling periods, whereas these paleosols 
document (warming) conditions, suggesting that the relative 
sea-level fall recorded in this section was not connected to 
climate.

A base-level fall within the MPl2 biozone is also docu-
mented in the succession exposed in the Podere Pantano 
area, as evidenced by the abrupt superimposition of fluvial 
deposits above fine-grained marine offshore sediments 
(Fig. 10a). No record exists of base-level falls within the 
MPl2 biozone in successions of the Adriatic side of the 
Northern Apennines (Capozzi and Picotti 2003), and con-
sequently, such stratigraphic boundaries can be reasonably 
related to a local uplift phase due to an extensional tectonic 
pulse. This notion is supported by the coeval occurrence 
of olistostromes at the south-western margin of the basin 
(Fig. 10b–d), which was linked to the uplift of the western 
basin margin (Disperati and Liotta 1998; Acocella 2000).

All these data provide valuable new constraints on the 
timing of HANF activation in the Siena-Radicofani Basin. 

In fact, basal Zanclean deposits (deposited in the MPl1 bio-
zone) do not show evidence of syn-depositional tectonics, 
while the recognized tectonically induced base-level drop 
occurred in the MPl2 biozone. This suggests that the activa-
tion of the HANFs occurred within the MPl2 biozone (i.e., 
in the time interval between 5.08–4.52 Ma, Fig. 11).

Tectonic control on accommodation space 
development and sediment supply

The aim of this section is to discuss the role of tectonics 
on the development of accommodation space and on the 
availability of sediments during deposition. Three of the 
investigated sections provide important elements for recon-
structing the relationships between accommodation space 
and sediment supply:

 (i) The alluvial fan system exposed at Podere Renieri 
(Fig. 7) has been previously interpreted as the con-
sequence of the activation of a local HANF (Bossio 
et al. 1992; Aldinucci and Sandrelli 2004; Costantini 
and Priori 2007), that directly controlled the avail-
able accommodation space and the amount/type of 
sediment provided to the alluvial fan system. The 
continental interval (i.e., interval B, Fig. 7a) shows 
lacustrine deposits at the base with a poorly defined 
depositional trend, passing upward to alluvial fan 
deposits recording a coarsening- to fining-upward 
vertical trend (Fig. 7a). Fidolini et al. (2013) dem-
onstrated for the Upper Valdarno basin to the NE of 
the study area, that grain-size trends in fault-sourced 
alluvial fans provide direct information about syn-
depositional tectonic activity, suggesting that the 

Fig. 12  Estimated bio-chronostratigraphic extent of the investigated 
sections (white and nuanced intervals indicate uncertain age attribu-
tion and/or a possible time-gap of deposition) and comparison with 
Northern Apennines climate-induced events. Calcareous plankton 

bio-magnetostratigraphy derived from the original scheme of Cita 
(1975), Raffi and Rio (1979), Rio et al. (1990) and Foresi et al. (2001) 
integrated and chronologically calibrated by Lourens et al. (2004) and 
Iaccarino et al. (2007)
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basal lacustrine sediments were deposited during an 
active tectonic phase with a rate of accommodation 
space formation that was higher than the rate of sedi-
ment supply (Fig. 13a). The overlying coarsening-
upward interval was likely emplaced during a phase 
in which the rate of accommodation space formation 
was lower than the rate of sediment supply, while the 
upper fining-upward interval marks a possible phase 
of tectonic quiescence when insufficient sediments 
were available to fill the new accommodation space 
(Fig. 13a).

 (ii) The Monticchiello succession (Fig. 8) records the 
development of at least 65 m of accommodation 
space filled by a Gilbert-type delta during a time 
interval (4.13–3.85 Ma), in which no high-magni-
tude eustatic variations occurred (Miller et al. 2005, 
Fig. 11). Consequently, tectonic-induced subsidence 
is considered as the main driver of accommodation 
space generation (Fig. 13b). This increase in accom-
modation space is accompanied by an increase in the 
average grain size of sediment, which also indicates 
that tectonic subsidence was the main factor control-

Fig. 13  a Depositional model for the tectonic-influenced alluvial fan 
deposition of the Podere Renieri section; b Depositional model for 
the tectonic-influenced deltaic complex exposed in the Monticchiello 

area; c Depositional model for the tectonic-influenced alluvial to del-
taic deposition of the La Foce section. See text for explanation
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ling accommodation space generation (cf. Armitage 
et al. 2011).

Moreover, the overall stratigraphic organization of the 
Monticchiello succession resembles the organization of typi-
cal tectonically controlled deltaic successions reported by 
Garcìa-Garcìa et al. (2006), in which the transition between 
different type of deltas, as well as changes in the strata stack-
ing pattern, are strongly related to temporal variations in 
subsidence rate (i.e., the tectonic controlled accommoda-
tion space generation). In detail, Garcìa-Garcìa et al. (2006) 
document how shoal-water deltas generally develop during 
periods of decrease in subsidence rates, while Gilbert-type 
deltas on the other hand develop during periods of increased 
subsidence rates. Furthermore, according to Garcìa-Garcìa 
et al. (2006), when a fault becomes inactive and palaeo-
bathymetric relief decreases, a new shoal-water deltaic sys-
tem could spread over the smoothed seafloor. This tectonic-
controlled stratigraphic setting fits well with the sequence 
found in the Monticchiello area; therefore we interpret the 
alternation of shoal-Gilbert-shoal type deltas as the result 
of tectonic-induced variations in accommodation space and 
sediment supply.

 (iii) The La Foce succession (Fig. 9) records the tran-
sition from a continental depositional environment 
(i.e., an alluvial fan) to a marine shoal-water delta, 
via a 115 m thick coarse-grained interval resulting 
from the vertical stacking of at least 15–20 marine 
Gilbert-type delta cross-sets (Fig. 9b). This implies 
that continental sedimentation was interrupted by 
a marine transgression (Fig. 13c), coeval with the 
creation of the accommodation space in which the 
Gilbert-type deltaic systems prograded and aggraded. 
However, this flooding event was not climatic driven 
because this time-span was characterized by a sub-
stantial sea-level highstand phase in the Mediterra-
nean area (Capozzi and Picotti 2003, Fig. 11). Even 
if high-frequency and climatic-induced sea-level 
fluctuations are reported for this time-interval (Miller 
et al. 2005), the magnitude of such sea-level varia-
tions is in the order of 70 m (ranging from -48.4 m 
to + 21.3 m and from − 56.4 m to + 22.1 m above 
present sea level during the MPl2 Zone and the MPl3 
Zone, respectively, Miller et al. 2005). This is not 
enough to explain the creation of the at least 115 m 
of accommodation space, as documented by the sed-
imentary records. Therefore, we conclude that the 
creation of accommodation was tectonically driven 
(Fig. 13C), even if high-frequency climate-induced 
sea-level fluctuations could have been responsible for 
the peculiar parasequence-like vertical arrangement 
of this Gilbert-type delta complex (Fig. 9).

All these sections record an accommodation space gen-
eration that cannot be accounted for when only consider-
ing climatic factors. Instead, our data point to a dominant 
tectonic influence on the generation of the available space 
for sedimentation. Moreover, the Monticchiello and La 
Foce successions (Figs. 8, 9) record other interesting fea-
tures that could be considered a signature of active tec-
tonics during deposition. Both successions record coarse-
grained Gilbert-type delta sediments deposited just above 
transgressive surfaces, which lead to the establishment of 
deeper marine settings. This feature is not compatible with 
flooding events due to climate change since coarse-grained 
sediments are generally trapped at river mouths during 
such transgressive phases, and consequently, the basin is 
characterized by low and fine-grained sediment supply due 
to the general sediment starvation (Loutit et al. 1988; Gal-
loway 1989; Martini and Aldinucci, 2017). In contrast, the 
supply of abundant and coarse-grained sediments during 
transgressive phases as seen in the Monticchiello and La 
Foce successions is only compatible with tectonic-con-
trolled settings, in which the activation of HANFs leads 
to the contemporaneous local creation of accommodation 
space (i.e., subsidence) and footwall uplift, in turn causing 
the rejuvenation of the morphological profile and the high 
availability of coarse-grained sediments.

Conclusions

The Siena-Radicofani Basin is a polyphase extensional 
basin. It originated as a bowl-shaped structural depression 
during late Serravalian- “early Pliocene” extensional tec-
tonics and was subsequently deformed by HANFs whose 
activity started in the Zanclean and more specifically 
during a time interval between 5.08 and 4.52 Ma. These 
HANFs influenced the stratigraphic arrangement of nearby 
clastic successions (or more generally deposits close to the 
basin margins) as they locally controlled the variations in 
accommodation space and sediment supply.

The tectonic-induced signatures are recognizable in the 
Pliocene marine and continental successions. In marine-
dominated successions, tectonic influence is expressed 
by: (i) abrupt facies superimposition indicative of rela-
tive sea-level drops that are not coeval with climate and 
eustatic fluctuations recognized in other nearby basins; 
and (ii) transgressive settings characterized by high sedi-
ment yields, in contrast to sediment starvation as classi-
cally expected for climate-induced transgressive phases. 
Continental successions record tectonic perturbations 
through: (i) alluvial-fan vertical trends suggesting changes 
in accommodation/sediment supply ratio during times; and 
(ii) paleosols testifying climatic settings different from 
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those that can be expected applying classical sequence 
stratigraphic concepts. For example, the occurrence of 
paleosols documenting hot and humid settings during 
overall relative sea-level fall is anomalous since such 
climate-induced sea-level drops should occur during cold 
phases.

Both marine and continental successions commonly 
record the creation of accommodation space combined with 
an increase in sediment supply, while phases during which 
climatic factors dominate accommodation space generation 
(i.e., transgressions) are typically characterized by sediment 
starvation. Even if these “stratigraphic markers” alone are 
not sufficiently discriminant to support the tectonic control 
on sedimentation, their synchronous occurrence can be con-
sidered indicative for a dominant tectonic control on deposi-
tion and can help to better constrain the age of faults in those 
tectonic settings where detailed time-constraints are lacking.
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