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Abstract: Downcutting and infill of incised valley systems is mostly controlled by relative sea-level
changes, and studies on valley-fill successions accumulated independently from relative sea-level or
lake-level oscillations are limited. This study focuses on the Plio-Pleistocene evolution of a fluvial
drainage system developed in Southern Tuscany (Italy) following a regional marine forced regression
at the end of Piacentian. Subsequent in-valley aggradation was not influenced by any relative
sea-level rise, and valley morphological and depositional history mainly resulted from interaction
between sediment supply and tectonic activity, which caused segmentation of the major valley
trunk into localized subsiding depocenters separated by upwarping blocks. Fluvial sedimentation
occurred until late Calabrian time, when the major river abandoned that valley, where minor fluvio-
lacustrine depocenters allowed accumulation of siliciclastic and carbonate deposits. The present study
demonstrates that the infill of the valley was not controlled by the forcing that caused its incision.
Accumulation of the fluvial succession is discussed here in relation with localized, tectonic-controlled
base levels, which commonly prevent from establishing of a clear downdip stratigraphic correlations.
Chronological reconstruction of the study depositional dynamics provides solid constrains to frame
them in the tectono-sedimentary evolution of the Northern Apennines.

Keywords: fluvial sedimentology; incised valley; palaeodrainage; Southern Tuscany

1. Introduction

Fluvial valley systems are key geomorphic elements that act as sediment transfers
from source to sink areas. Occasionally, they allow accumulation of thick sedimentary suc-
cessions [1-7], which might host relevant volumes of hydrocarbons or fossil water. In the
downstream valley reaches, relative sea-level changes are dominant forcings on in-valley
fluvial dynamics [1,8], whereas tectonic and climate are the main controls in upstream
sectors [9,10]. Deposits accumulated in the downstream valley reaches commonly exhibit
evidence of marine influence, in terms of adjustment of alluvial dynamics (e.g., tidal influ-
ence) as well as direct contribution to sedimentation (e.g., estuarine deposits). Oscillations
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of relative-sea level play a major role in triggering aggradation and degradation processes
in downstream valley reaches [1]. Deposits accumulated in the upstream valley reaches
have mainly fluvial origin [1,11] and processes of aggradational and degradation result
from the complex interaction between tectonics, climate and drainage evolution [9,10,12].
Downstream valley-reach deposits are much more documented in comparison to the up-
stream counterpart, since the latter one has a low potential of preservation or can be hardly
distinguishable from the surrounding extra-valley deposits [12].

In intermontane basins valleys play a key role in transferring sediment from the orogen
to the surrounding basins [13-15]. The complex tectono-morphological configuration of
extensional intermontane basins, like those of Northern and Central Apennines [16,17],
allows coexistence of differently-subsiding areas separated by more stable substrate ridges.
Beyond relative-sea level effects and tectono-climate forcings, this tectono-morphological
configuration causes rivers cutting through post-orogenic landscapes to experience a
number of interconnected processes [17-20] including: (i) variation in accommodations
triggered by the occurrence of localized base levels; (ii) relocation due to piracy processes
and (iii) variation in sediment supply and water discharge associated with evolution of the
related drainage.

Major rivers of the inner Northern Apennines (e.g., Arno, Sieve, Ombrone) modelled
the present-day landscape connecting extensional intermontane basins by cutting deep
and narrow gorges on pre-Neogene rocks [18,21]. During Pliocene to Pleistocene time,
tectono-geomorphic processes assisted these rivers to interact with a marine base level
and to shift between adjacent basins [21], accumulating a wide spectrum of deposits along
the related palaeovalleys. Although detection of these valley-fill succession is commonly
hindered by paucity of outcrops, they are a precious archive to investigate the temporal
and spatial evolution of the palaeo-drainage, and the associated processes.

This study focuses on a Pliocene-Pleistocene palaeovalley developed in Central Tus-
cany (Northern Apennines, Italy; Figure 1). Developed across a rocky ridge that separated
three major intermontane basins, it experienced complex geomorphic and depositional
dynamics, since its marine-driven incision to the final piracy-driven abandonment.

This study refines previously published data [22,23] and integrates new field-based
information in a larger area of interest. The paper aims at depicting the depositional history
of this palaeovalley through a multidisciplinary approach, which includes field mapping,
sedimentary facies analyses, radiometric datings, palaeocurrent studies, and tectono-
stratigraphic investigations. Beyond providing new insights to the regional geology, results
from this study will be discussed in comparison with current facies models for valley-fill
successions and also to highlight implication for the tectono-stratigraphic evolution of
the Northern Apennines [24-26]. This work adopts the International Chronostratigraphic
Chart v2020/03 nomenclature.
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Figure 1. Tectonic map of the Northern Apennines, with indication of the main Neogene—Quaternary
intermontane basins (Modified after [27]). Location of the study area is shown.

2. Geological Setting

After the collisional event that gave rise to the Northern Apennines (Late Oligocene-
Early Miocene), a widespread extensional event produced the thinning of the previously
overthickened continental crust [24,25] favoring the development of a Basins-and-Ranges
upper-crustal architecture, especially in the inner zone of the belt (i.e., northern Tyrrhenian
Sea and southern Tuscany) [16]. Extensional tectonics and related structural depressions
(i.e., basins) have been migrating from west to east, thus the inland westernmost basins
are the oldest ones [26]. In this view, the progressive eastward migration produced the
development of intermontane basins, which evolution was characterized by an extensive
tectonic activity conditioning the sedimentation [28,29].

The study area is drained by hydrographic systems pertaining to three major intermon-
tane basins, namely the Upper Valdarno, Siena and Val di Chiana Basin (Figures 1-3). This
area forms a narrow, elongated belt, that, for sake of simplicity, has been divided into three
sectors based on the occurrence of three major faults (faults F1 to F3 in Figures 2 and 3,
sectors are visible in Figure 3). Sector 1 and 2 are sited within the modern drainage sys-
tem pertaining to the Upper Valdarno and Siena Basins, respectively, whereas sector 3
is sited in the drainage of the modern Val di Chiana Basin. Sector 1 is drained by the
modern Ambra River (Figure 3), which after flowing southward for a few kilometers bends
northward to join the Arno River in the Upper Valdarno Basin. Sector 2 is drained by the
southward-flowing Ombrone River, which deeply cuts Pliocene marine deposits of the
Siena Basin (Figure 3). The southern part of Sector 2 is characterized by the occurrence
of a flat morphological surface (Pian di Bari and Bestina plain) that contrasts with the
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hilly landscape generated by the erosion of marine sediments, and caps the study deposits.
Sector 3 is drained by the Foenna Creek (Figure 3), located at the bottom of a wide plain
within the Sentino Basin (Figure 3). The Foenna Creek is sourced from the Rapolano area
and drains eastward toward the Val di Chiana Basin (Figure 3).

The Upper Valdarno Basin is located about 35 km SE of Florence, between the Chianti
Mountains and the Pratomagno Ridge, and it is filled with a few hundred meters of
palustrine, lacustrine and alluvial deposits [30-33]. The basin fill succession consists of three
major unconformity-bounded stratigraphic units [33] accumulated between Piacentian
and Chibanian. The Calabrian to Chibanian depositional history of the Valdarno Basin is
well-constrained by integrated magnetostratigraphic [31,33] and palaeontological data [34],
which reveal the entrance of the Arno River into the basin [21,35]. The Arno River flowed
from the Casentino Basin (Figure 1) southward to the Val di Chiana Basin since Pliocene
time [21]. A piracy event caused the northward deflection into the Upper Valdarno Basin
just before the Matuyama/Brunhes geomagnetic polarity transition [33,36]. In the basin fill
succession, this geomorphic event is documented by: (i) a basin scale unconformity [36]; (ii)
the increase of depth in channel of the axial drainage systems [33] and (iii) the occurrence
of distinctive calcareous clasts from the Casentino area [35] in the axial fluvial deposits.
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Figure 2. Geological map of the study area with indicated the enlarged areas in Figures 4 and 6. The
indicated F1-F3 faults are mentioned in the text.

The Siena Basin is located about 15 km SE of the Upper Valdarno Basin, along the
western side of the Chianti Ridge, and is bounded westward by the Monticiano-Roccastrada
range (Figures 1 and 2). The basin-fill succession is ca. 100 m thick and consists of Miocene
continental deposits covered by a Pliocene marine succession [37,38]. Marine sedimentation
occurred since early Zanclean and it is well-documented along the Chianti margin, in the
Castelnuovo Berardenga surroundings [39-41]. In this area, coastal marine deposits present
three major relative sea-level changes [41] occurred during Piacentian time. In the Siena
Basin, marine sedimentation ended up in the latest Piacentian [39-41], although recent
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studies pointed out the occurrence of latest Gelasian deposits [42]. This marine succession
forms the youngest substrate of the investigated succession, which appears to be the only
record of deposition in the area during Gelasian to Calabrian time ([22,23] Figure 4)
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Figure 3. Geomorphological features of the study area. Watersheds separating the major drainage
domains are highlighted, along with the key structural features associated with the present study (F1

to 3 faults).
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Figure 4. Age of deposits filling the Upper Valdarno, Siena and Val di Chiana Basins during Plio-
Pleistocene time.
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The Val di Chiana Basin represents the southern extension of the Upper Valdarno
Basin, and it is separated from the latter one by a 10-km-wide rocky ridge (Figures 1-3). The
Val di Chiana Basin is filled up with a 1500-2000 m thick sedimentary succession [43,44],
consisting of marine and alluvial deposits accumulated between Pliocene and Pleistocene
time. The stratigraphy of the Northern Val di Chiana Basin fill is still poorly known,
although it was recently improved by [45]. In this sector of the basin, marine sedimen-
tation occurred in the basin until late Piacentian [44,45], and it was replaced by alluvial
sedimentation during Gelasian to Calabrian time [45]. The alluvial succession of the Val
di Chiana Basin includes two major unconformity-bounded units (Bettolle and Marciano
Synthems in [45]) consisting of sand and mud accumulated by a southward-directed palaeo-
drainage. The Marciano Synthem is constrained to Calabrian by well-known mammal
faunal associations [46].

The structural setting of the study area is defined by contractional structures related
to the orogenesis of the Northern Apennines (i.e., fold-and-thrust system, [47] for a review)
and by later structures related to the development of the Neogene-Quaternary basins
([37] for a review). Regarding the later ones, these were characterized by a prolonged
activity from Late Serravallian to late Quaternary ([47] with references therein). The
Pliocene-Pleistocene faults (Figure 2) controlled the configuration of the current structural
depressions (i.e., Siena, Val di Chiana and Valdarno Basins) and their infill. In the study
area (Figure 2), these faults can be categorized in three main systems depending on the
age, the geometry and the kinematics: (i) Zanclean-Piacenzian N-S normal faults; (ii)
Neogene-Quaternary NE-striking faults; and (iii) Neogene-Quaternary NW-striking faults.
Zanclean N-S normal faults are mainly represented by the Rapolano Fault, a regional
structure that bounds the eastern margin of the Siena Basin, partially covered by Piacenzian
marine sediments [48,49]. It juxtaposes, in several places, the pre-Neogene succession of
the Chianti- Cetona Mt. ridge (Tuscan Nappe, [50]) with the Zanclean-Piacenzian marine
sediments filling the Siena Basin. Similar features characterize also minor faults associated
to the Rapolano Fault (Figure 2). The maximum vertical offset of the Rapolano Fault was
estimated in about 400 m on the basis of the interpretation of the seismic profiles [38].
Slickensides on minor faults mainly affecting the pre-Neogene Jurassic carbonate and
siliceous units indicate a dominant dip-slip movement with minor left-lateral component.
These faults are interrupted by NE- and NW-striking faults. These latter ones dissect the
Piacenzian marine sediments and Late Pleistocene-Holocene travertine deposits [51-53],
supporting the hypothesis of active tectonicsin the whole area. This is also confirmed by
the prehistoric and historical seismicity mainly recorded by the travertine deposits [53,54].
Furthermore, NE- and NW-striking faults play a role in controlling the geothermal fluid
circulation, as well as the location of thermal springs and travertine deposits [55-57].
These faults controlled also the late geomorphological evolution of the study area, mainly
characterized by the Ambra Valley and Sentino Basin. In particular, the Ambra Valley
area was mostly controlled by NE-striking fault system that is part of the so-called “Arbia-
Valmarecchia Line” ([58] with references therein). This consists of a brittle shear zone
characterized by anastomosed fault segments [52], which interfered with the continental
sedimentation during the Quaternary [22]. The Sentino Basin developed in response of
the activation of several NW- and NE-trending faults. Their interplay gave rise to the
peculiar zig-zag shaped structural depression, controlling the continental sedimentation as
illustrated in the next paragraph. Both NW- and NE-striking faults are characterized by a
dominant left- and right-lateral oblique-slip kinematics.

3. Materials and Methods

The stratigraphy and most of the structural data from sector 1 and the northern part
of sector 2 were investigated in previous studies [22], which outlined the occurrence of an
incised valley in the northern margin of the Siena basin. The evidence was integrated with
new sedimentological and structural data obtained expanding the study area toward the
south and including field activities in sector 3 and in the southern part of sector 2.
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The spatial extent of the studied deposits was mapped on a 1:10,000 scale topographic
base (Figures 5 and 6). The sedimentary units were characterized and ascribed to specific
depositional environments following basin principles of facies analyses. The main palaeo-
drainage routes were calculated from palaeocurrent measurements, which were obtained
from dip of foresets from cross-bedded strata and a(t)b(i) clast imbrications.
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Figure 6. Geological map of the Ambra Valley (from [38], modified). La Selva Fault corresponds to
the F1 mentioned in the text and indicated in Figures 2 and 3.

Structural analyses were focused on high-angle normal faults, which are thought
to represent the youngest regional structures affecting both unconsolidated Pliocene—
Pleistocene deposits and pre-Neogene bedrock. Structural and kinematic data represent
discrete clusters (structural stations), along exposed meso-fault surfaces.

U-Th dating was carried out for travertines exposed in the southern part of the
study area (Figure 5). The dating procedure was conducted at the High-Precision Mass
Spectrometry and Environment Change Laboratory (HISPEC), Department of Geosciences,
National Taiwan University [59,60] following the procedure already described in [53].
Determinations of all U-Th isotopic compositions and concentrations were made on a
Thermo-Finnigan NEPTUNE multicollector inductively coupled plasma mass spectrometer
(MC-ICPMS) [59]. Off-line data reduction methods followed [61]. Half-lives of U-Th
nuclides used for age calculation was given by [62]. Isotopic and age errors given are
two standard deviations of the mean and two standard deviations, respectively, unless
otherwise noted.

Well logs and geophysical data reported by [22] were integrated with field evidence
and a new borehole dataset in sector 3, in order to estimate thickness variability of the
studied sedimentary entities, with particular focus on definition of the valley floor depth.

The studied deposits form a 1 to 3-km-wide and ca. 40-km-long entity, which crossed
the three major sectors forming the study area. The succession was divided into four units,
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which are separated by erosional surfaces of abrupt changes in facies assemblages (e.g.,
change from fluvial to lacustrine deposits).

4. Results
4.1. Structural Features

Structural features are described for each sector indicated in Figure 3. Sector 1
(Figures 2 and 6) is part of the main brittle shear zone corresponding with the Arbia-
Valmarecchia shear zone (Figure 2, cf. [63]). This is mainly characterized by dominant
NE-striking fault segments that are linked by NW-striking ones (Figure 4). Fault 1 (La
Selva Fault, Figure 4) is part of this fault system. N-S- striking faults pre-date the NW-
and NE-striking ones, as indicated by their cross-cutting relationships. These faults af-
fected only the bedrock mainly represented by Late Oligocene-Early Miocene sandstone
(Macigno Fm), whereas NE- and NW-striking faults affected both the fluvial deposits and
the bedrock (cf. [22,62]). Faults in bedrock are characterized by centimetre-thick core zones
and damage zones wide up to 5 m; meso-faults display well-developed sets of fractures,
often with a en-echelon geometry concentrated near the slip surface. These characteristics
weakened large volumes of rock, creating greater erodibility along the NE and NW fault
trend. This process, enhanced by the hydrogeological pattern, favored the development of
interconnected valleys mainly parallel to the NE-striking faults. The offset of these surfaces
does not exceed a few meters. N-S, NE- and NW-striking fault planes show a number
of kinematic indicators consisting of mechanical striation and calcite fiber-steps. In the
damaged zones, arrays of extensional jogs and T-fractures mainly occur. Kinematics of
N-S striking faults indicate a dominant normal displacement. NE- and NW-striking faults
(Figure 7) are characterized by dominant left-lateral oblique-slip movements. A synthesis
of the collected data is reported in Figure 8.
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Figure 7. Panoramic view of faults affecting the successions filling the Sentino Basin and surround-
ings: (a) NW-striking normal fault dissecting Late Pleistocene continental sediments; (b) NE-striking
left-lateral oblique-slip fault juxtaposing Piacenzian marine deposits to Mesozoic carbonate.
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Sector 1
57

n=3 G n=7 n=2

Sector 2

Sector 3

Figure 8. Stereographic diagrams (equiareal diagrams, lower hemisphere) illustrating cumulative
kinematic data collected in different structural stations and divided per fault systems: N-5, NW-
and NE-striking faults. For each fault system, faults and striae (upper diagrams) and fault plane
solutions diagrams with kinematic axes from the inversion of kinematic data are shown. Location
of the indicated sectors are reported in Figure 3. Kinematics data from area 1 have been integrated

with those published in [38]; Kinematics data from area 3 have been integrated with those published
in [38].

Sector 2 (Figures 2, 5 and 6) is mainly defined by a main cartographic-scale fault
named as the Terre Rosse Fault (Figure 6). It dips south-westward and it delimits, for at
least 3 km, the easternmost Pliocene sediments filling the Siena Basin from the bedrock
composed of the Macigno Fm. The fault trace is buried by Quaternary deposits, denying
direct observation and kinematic analyses on the main fault surface. Its maximum offset
can be estimated at several tens of meters. The Terre Rosse Fault is interrupted to the north-
west by the NE-striking fault. Kinematics analyses on minor structures in the footwall
allow to recognise three fault systems, similarly to the Area 1: N-S, NW- and NE-striking
(Figure 8). All faults show dominant normal to oblique-slip movements. (Figure 8).

Sector 3 (Figures 2 and 5) includes several cartographic scale faults (Figure 2). The most
important ones bound the Sector 3, namely the Querciolaia Fault (F2 Fault in Figure 2) and
Violante-Sangimignanello faults (F3 Fault in Figure 2) both NE-striking (Figures 2 and 6).
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These are characterized by fault traces exceeding 1 km, by several tens of meters off-sets
and they are associated with contemporaneous NW-striking faults (Figure 6). Both NW-
and NE-striking faults were recognised affecting the bedrock, represented by Jurassic-
Cretaceous carbonate succession, Cretaceous-Early Miocene shale/carbonate succession
and the Pliocene-Quaternary deposits (cf. [50]). Faults in bedrock are characterized by
centimetre-thick core zones and damage zones wide up to 20 m; meso-faults display
sets of fractures and a number of kinematic indicators, mainly consisting of mechanical
striation and calcite or quartz fiber-steps. All faults show dominant normal to oblique-slip
movements (Figure 8). NE- and SW-striking faults dissected the N-S striking Rapolano
Fault, which activity was from Zanclean to Piacenzian [38].

4.2. Stratigraphy

The stratigraphy of the studied area is summarized in Figure 9, by means of an
idealized cross-section along the valley axis.
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Figure 9. Schematic cross section along the axis of the study sedimentary body.

42.1. Unit1
Sector 1

Sector 1 is characterized by a widespread cover of Holocene deposits (Figure 6).
Deposits of Unit 1 do not occur in the most proximal reach of the sector 1, where pre-
Neogene bedrock is exposed in the thalweg of the modern Ambra River, but borehole and
geophysical data [22] show that 60-m-thick gravels occur just upstream of the fault F1 at
the bottom of the modern valley (Figures 9 and 10). These gravelly deposits are confined
in a 0.8-1.5 km wide palaeovalley (unit V1 in [22]; unit Q and FL in [64]), which wanders
with an overall NNE-SSW trend and it cut the pre-Neogene bedrock. In the southernmost
part of the sector 1, these deposits are locally exposed, and they consist of amalgamated
and poorly-organized pebble to cobbles with scattered boulders.
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Figure 10. Simplified sedimentological logs and core data from the study deposits. Their location in
the idealized longitudinal cross section shown in Figure 9 is shown.

Sector 2

Deposits of Unit 1 (unit V1 in [22]; unit Q and FL in [64]) are largely exposed in the
northern part of the sector 2 (Figures 9, 10 and 11A). In the Castello di Montalto area, they
cut the pre-Neogene bedrock, forming a sedimentary body wide ca 1.2 km and thick 60
to 70 m. In the Arcidosso area, they cut the Pliocene marine deposits and they show a
similar thickness but increased width to ca 2.5 km. These deposits consist of gravels with
subordinate sand and mud. Gravels consist of multilaterally arranged channelized bodies,
which are up to 4.5-m thick and several tens of meters wide in sections perpendicular to the
palaeoflow direction (Figure 11A). Gravels form large-scale inclined beds, which are mainly
made of clast-supported pebbles and sandy pebbles. Pebbly beds are up to 50-cm thick and
they show a well-developed plane-parallel to planar-cross stratification, which is commonly
highlighted by alternation of matrix-free and matrix-rich strata. Sandstone pebbles and
cobbles from the Macigno Fm are deeply weathered. Channelized sandy deposits are less
common, and they mainly occur in the upper part of the unit in the sector 2. Sand beds
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are normally graded, erosively based and they exhibit plane parallel-stratification and
ripple cross-lamination. Massive overbank mud is exposed in the proximal reach of the
sector 2 (Figure 11A). These muds draped the whole valley and they are up to 5-6 m thick.
They include organic-rich layers and pedogenic horizons with scattered root traces and
carbonate concretions.

channel bar

Figure 11. Unit 1 deposits. (A) Channelized gravel and overlying overbank mud exposed in the
Arcidosso area. (B) Channelized sand overlying marine Pliocene deposits in the Sentino Basin area.
(C) Poorly organized gravel in the Sentino Basin area.

Sector 3

Deposits of Unit 1 occurs in the sector 3 as an isolated, N-S trending lithosome
overlying the pre-Neogene bedrock and Pliocene marine deposits in the east to Rapolano
Terme. This sedimentary body is thick at least 20 m and it consists of clast-supported
gravels grading southward into sand with subordinate gravels. Gravels occur above
Mesozoic bedrock and they consist of moderately to well-rounded boulders of metric size?
(Figure 11C). They are poorly organized exhibiting a gravelly to sandy matrix. Sandstone
clasts from the Macigno Fm are deeply weathered, as those occurring in the sector 2. Sandy
deposits occur above Pliocene marine sand and they are 4-m-thick channelized bodies
(Figure 11B). These bodies are made of medium-grained sand with sets of large-scale
inclined beds dipping at 5 to 20°. Inclined beds are characterized by a plane parallel and
ripple cross-lamination. These beds are floored by channel lag gravels, which include
deeply weathered sandstone pebbles of the Macigno Fm.

Palaeoflow Data

In the sector 1, deposits of Unit 1 are not exposed, but subsurface investigations show
that they are enclosed in a N-S trending depression up to a few hundred meters wide
(Figure 5). In the sector 2, deposits of Unit 2 form a N-S trending, elongated body that
bends eastward, where alluvial deposits overlie Pliocene sediments. Palaeoflow of these
deposits (Figure 12) is consistent with the orientation of the elongated body and it changes
from southward to eastward, where the studied deposits cover the Pliocene sediments. In
the sector 3, Unit 1 forms a N-S trending body and the palaeoflow is directed southward in
both gravelly and sandy facies.
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Figure 12. Paleocurrents distribution within the study deposits. Grey dashed line represents the
watershed displayed in Figure 3.

Age

Organic-rich portions of overbank mud exposed in the Arcidosso area bear gastropod
shells, including terrestrial Pomatia elegans and Retinella sp. [64]. The age distribution of this
fauna spans from the earliest Gelasian to the Recent [65]. Palaeomagnetic studies revealed
that a reverse magnetic polarity turned into a normal one at ca 25 m from the base of the
unit [23].

4.2.2. Unit2
Sector 1

Deposits of Unit 2 are confined within the same elongated palaeovalley that encloses
the Unit 1 gravels occurring on top of them. Unit 2 deposits consist of mud with subordi-
nate sand (V2fla in [22]), and interfingers with pebble to cobble-sized gravel in La Selva
area (V2af in [22]). Mud is grey to dark grey and it is bedded or form massive tabular
strata (Figure 13A). Greyish mud contains root traces and commonly root-bioturbated,
whereas dark-grey mud is significantly enriched in organic matter and plant debris. Mud
includes sandy deposits, which form tabular or channelized bodies. Tabular bodies thick
up to 1.5 m consist of massive to plane parallel-stratified, medium-grained to fine-grained
sand. Channelized bodies are up to 4 to 5 m thick and at least 50 to 60 m wide along-
strike. Channelized sand consists of fining-upward bedsets of pebbly, coarse-grained
sand grading into mud. These sandy bodies feature metric-scale inclined strata dipping
at 5 to 10°. Inclined beds show plane parallel and trough cross-stratification and ripple
cross-lamination. Gravels occurring in La Selva area consist of clast-supported, moderately
to well-rounded, pebbles to boulders with subordinate sandy intercalations. Gravels form
channelized units, up to 1.2-2 m thick. These units show an overall fining-upward trend
and a range from massive at the base to crudely plane-parallel stratified at the top. In plain
view, these gravels are organized in a fan shape, which has its apex on the eastern flank of
the modern valley.
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Figure 13. Deposits of Unit 2 and 3. (A) Massive overbank mud of Unit 2 exposed upstream of fault
F1. (B) Fluvial gravels of Unit 2 overlying Pliocene marine deposits just downstream of fault F1.
(C) Alluvial-fan gravel and sand (Unit 2) sourced from the bedrock forming the footwall block of
Terre Rosse fault (Sector 2). (D) Sandy bar deposits (Unit 2) of the Pian di Bari area. (E) Scheme
showing deposits of Units 2 and 3 in the Pian di Bari outcrop. (F) Fluvial gravelly sand of Unit 2
erosionally overlying Pliocene marine deposits. (G,H) Horizontally bedded palustrine deposits of
Unit 3.

Sector 2

Deposits of Unit 2, are exposed in the northern part of sector 2 and consists of fluvial
(V2flb in [22]) and alluvial fan (V2af in [22]) deposits. Fluvial deposits consist of gravels
grading eastward into sand (Figure 13B) and are confined within a 2-2.5 m wide and N-S
trending palaeovalley. Gravelly fluvial deposits are ca. 15 m thick and from 1 to 2 m thick,
multi-storey channel bodies, commonly floored by a(t)b(i)-imbricated pebbles and scat-
tered, angular boulder-sized clasts. Gravel ranges from plane-parallel to cross-stratified.
Fluvial sand is characterized by multilateral channel bodies up to 5-6 m thick (Figure 13E).
These bodies are made of medium-grained sand floored by fine pebbles (Figure 13F),
which grade upward into pedogenized fine-grained sand and mud. Channelized sand is
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structured into sets of large-scale inclined beds dipping at 5 to 20° (Figure 13D). Inclined
beds are characterized by a plane parallel, trough cross-stratification and ripple cross-
lamination. The overlying mud displays evidence of pedogenesis. Alluvial-fan de-posits
are sited along the eastern side of the palaeovalley and are sourced by the relief generated by
the Terre Rosse Fault. Alluvial-fan deposits mainly consist of pedogenized sand that passes
upward into channelized gravels (Figure 13C). Sandy deposits consist of vertically stacked,
tabular beds which range from massive to slightly plane-parallel stratified. Channelized
gravels are commonly floored by a(t)b(i)-imbricated cobbles with pebbles organized in
plane-parallel to cross-stratification.

Sector 3

Deposits of Unit 2 do not occur in the eastward reach of the sector 3, where pre-
Neogene bedrock crops out in the thalweg of the Foenna Creek. The western part of the
sector 3 (i.e., Sentino Basin) is characterized by a widespread cover of Holocene deposits
(Figure 5), but evidence for the occurrence of unit 2 arise from new borehole data (Figure 10).
These data show that in this area the Unit 2 occurs below the Holocene alluvium of the
Foenna Creek and consists of ca. 60 m thick gravel and sand.

Palaeoflow Data

Palaeocurrents from fluvial deposits in the sectors 1 and 2 point to an overall palae-
oflow directed toward south (Figure 12). Alluvial-fan systems are associated with trans-
verse supplies, which derive from west and east in the sector 1 and 2, respectively. No
evidence of palaeoflow direction can be detected in the sector 3, since Unit 2 deposits have
only been detected in the subsurface.

Age

No age constraints exist for deposits forming this unit.

4.2.3. Unit3
Sector 1

The Unit 3 in sector 1 is represented by alluvial terraces of the Ambra River (Figure 6).
These deposits are up to 2 m thick and are largely covered by Holocene colluvium. They
mainly consist of channelizes sand covering a gravelly lag.

Sector 2

The Unit 3 is up to 15 m thick and it mainly occurs in the southern part of the sector. It is
mainly represented by lacustrine and palustrine mud, with subordinate sandy intercalation,
which are locally common in the upper part of the unit. In the Pian di Bari area, it is a few
meters thick and cover overbank mud of Unit 2 (Figure 13E,G). In this area, it consists of
palustrine, organic-rich mud (Figure 13H) with sandy intercalations containing abundant
freshwater molluscs. In the southernmost part of the sector 2, the Unit 3 uncomfortably
overlays Pliocene marine deposits and it consists of lacustrine mud grading upward into
deltaic sandy beds. Lacustrine mud is tightly laminated including layers of well-sorted fine
sand. These lacustrine layers are intensely deformed by dewatering structures and they
are cut by syn-sedimentary normal faults (Figure 14). Overlying deltaic sandy beds are
mainly tabular and characterized by widespread plane-parallel stratifications. Locally, they
0.5 to 1.5 m thick channelized bodies, which are paved by gravelly lags; they developed
as distributary channels of small-scale deltaic systems locally sourced from the Rapolano
Terme area. In the southernmost part of the sector 2, the flat morphological surface capping
the lacustrine deposits defines a N-S oriented flange, that is ca. 6 km long and 0.5-1.5 km m
wide. Such a flange is currently drained by the southward-flowing Bestina Creek, a 1-2 m
wide rill that has been reclaimed by agricultural activities. No outcrops occur along the
creek, but the modern soil flooring the flange includes abundant gravelly deposits.
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Figure 14. Soft-sediment deformation structures in lacustrine sandy silt (Unit 5b); (a) detached
highly-non cylindrical fold; (b) shear bands and related deformed laminations; (c,d) slump sheets; (e)
slump sheets and deformed laminations; (f) clastic dykes.

Sector 3

In this sector, Unit 3 is up to 25-30 m thick but is poorly exposed. It mainly consists of
mud with subordinate sands. Muddy deposits are massive, with organic-rich layers and
local evidence of pedogenic processes (e.g., caliche). Sandy layers are up to 1.5 m thick
and they show erosive bases floored by fine-grained gravels. The geometry of these sandy
bodies cannot be defined because of paucity of outcrops.

Palaeoflow Data

In sector 1, the Unit 3 is represented by terraced deposits of the Ambra River, indicating
a northward-directed palaeoflow, in agreement with the course of the modern Ambra River.
In sectors 2 and 3, no palaeoflow data are available for Unit 3 deposits mainly due to their
fine-grained nature and paucity of exposures.

Age

No age constraints have been detected for the deposits forming this unit.

4.2.4. Unit4
Sector 1

Unit 4 in sector 1 is represented by alluvial terraces of the Ambra River (Figure 6).
These consists of are 1-2 m thick sand and are largely covered by Holocene colluvium,
which prevents from a detailed description. A precise boundary between terraces of Unit 3
and 4 cannot be defined.
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Sector 2

The area is characterized by the presence of thick successions (up to 50 m) of con-
tinental carbonates (Figure 15A,C) and subordinate fluvial terraces (Figure 15B). These
carbonates (mostly travertine, secondarily calcareous tufa and lacustrine deposits [55])
are widely diffused along all the basin margins (Figure 5). They were dated through
U-Th isotopic composition (cf. [66,67]) and originated from several thermal springs in
the area [68,69]. Facies association [51-56,70-75] evidences a large variability in their de-
positional environments, generally evolving from proximal systems (typically close to
vents, like mounds and fissure ridges), to intermedi-ate (slopes and channels) up to distal
(marsh, shallow lakes and transitional to alluvial plains) [76]. Local sections show the
direct superposition of the carbonates to alluvial/fluvial clastic deposits (Figure 10). In
some areas, the carbonate deposits are arranged in different quotes corresponding to at
least three depositional terraces (Figure 10).

Figure 15. Deposits of Units 3 and 4. (A) Travertine of Unit 3 unconformably overlying lacustrine
sand of Unit 3. (B) Fluvial terraces of the Ombrone River (Unit 4) covering Pliocene marine mud.
(C) Travertines of Unit 4 in the Rapolano area.

Sector 3

Differently to Sector 2, the Sector 3 shows a patchy distribution of the continental
carbonates (dominantly travertine) deposited in similar depositional environments, but
with reduced extent (Figure 5) and thickness (up to 15 m). Also in this sector, travertines rest
on fluvial/alluvial deposits (sands and conglomerates) and they evidence a distribution in
at least three depositional terraces.

Palaeoflow Data

The alluvial deposits belonging to Unit 4 were accumulated by a drainage system
configured similarly to that one of the present-day drainage. Likewise, the travertine
deposition shows a dominant W-SW direction in the Sector 2 (from the basinal shoulder
towards the Ombrone River hydrographical pattern) and an E-SE direction in the Sector 3
(towards the Sentino Basin and Foenna Creek)
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Age
Sixteen travertine samples were collected in the area for radiometric analysis (Table 1

and Figure 16). All samples derived from macrocrystalline low porous material, avoiding
the presence of secondary cements.

Transition
1o interglacial
Transition to glacial
Marine Isotope
Stages 3

° Ka B.P. 50 100 200

Figure 16. Comparison between available paleoclimate and travertine data of Rapolano Terme area.
The new radiometric data here achieved (first line) are compared with previous ones [51,53,54] and
recognized unconformities. Travertine data are reported with their standard deviation. Black line is
the SPECMAP marine paleoclimatic $180 record during late Pleistocene time [66]. It is evidenced the
presence of at least three previous depositional phases. See text for details.

Due to different U and Th-concentrations, three samples resulted impossible to date,
one not useful (infinite age error) and six samples with a very high error range. Combining
the resulting data with stratigraphic and radiometric data, already published on the same
travertine [51,53,54,74], it is possible to evidence a cluster of four main depositional phases
separated by unconformities and succeeding from the latest Middle Pleistocene up to now.
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Table 1. U-Th isotopic compositions and contents and ages by MC-ICPMS. For location of samples CTSE1-16, see Figure 6. a: [238U] = [2%U] x 137.818 (£0.65%0) [67]; d234U = ([24U /28U
activity — 1) x 1000. b: d®*Uinitial corrected was calculated based on 220Th age (T),i.e, d®4Uinitial = d®*Umeasured X el®**T, and T is corrected age. c: [39Th/238U] activity =1 —
e-1220T + (d%3*Umeasured /1000)[1230/ (1230 — 1234)](1 — e-(1230 — 1234) T), where T is the age. Decay constants are 9.1705 x 10~ year~! for 229Th, 2.8221 x 107 year~! for 234U [68,69],
and 1.55125 x 1010 year‘1 for 28U [70]. d: Age corrections, relative to chemistry date on 8 November 2018, were calculated using an estimated atomic 230Th /232Th ratio of 2 (£2) x 107°.

Sample Weight =8y B2Th §BU [B0Th/?8U] B0Th/®2Th Age (yr Ago) Age (year Ago) Age (year BP) 84 Ujnitial
ID g ppb? ppt Measured ? Activity ¢ Atomic (x10-¢) Uncorrected Corrected %4 Relative to 1950 AD Corrected ®
CTSE-1 0.04874 35.054 £ 0.075 27,753 £ 136 3623 £6.2 0.519 £ 0.017 10.82 £ 0.35 51,144 + 2069 43,474 + 8222 43,405 £ 8222 410 £12
CTSE-2 0.05378 94.70 + 0.18 708,677 + 19,326 194.1 £3.4 0.806 + 0.088 1.78 £0.20 117,345 + 22,358 —33,993 — —34062 — 176 £+ 94
CTSE-3 0.05536 45.624 £ 0.088 173,796 + 2278 299.6 + 4.9 0.653 £ 0.047 2.83 +0.20 73,685 % 7309 27,761 + 68,463 27,692 + 68,463 324 + 45
CTSE-4 0.05735 34.005 £ 0.067 43,933 £ 292 3402 £5.1 0.416 £ 0.017 531+ 0.23 39,862 + 1997 26,651 + 14,333 26,583 + 14,333 367 £ 15
CTSE-5 0.05517 4.611 £ 0.019 51,737 £ 368 71+£23 0.123 £ 0.039 0.181 £ 0.057 13,297 & 4496 — — —
CTSE-6 0.07041 3.205 £ 0.010 8376 £ 24 312 £22 0.773 £ 0.034 4.88 +£0.22 92,641 £ 6725 64,393 + 34,439 64,324 + 34,439 374 £41
CTSE-7 0.04816 16.914 + 0.049 53,671 + 381 2485478 0.812 4 0.044 422 +0.23 109,143 + 9762 71,545 + 50,131 71,477 £ 50,131 304 + 36
CTSE-8 0.06769 4521 £0.11 32,168 + 164 427.8 £ 5.6 0.792 £ 0.017 18.35 +0.39 83,872 + 2582 77,570 & 6962 77,501 + 6962 532 £12
CTSE-9 0.05669 10.124 £ 0.029 14,796 £ 57 292.8 £9.9 0.503 £ 0.023 5.68 & 0.26 52,667 £ 3085 37,095 £ 17,221 37,026 + 17,221 325 £18
CTSE-10 0.05010 36.926 + 0.064 12,819 £+ 48 6123 £6.3 0.5119 + 0.0099 24.31 £0.48 40,602 £ 952 37,841 £ 2952 37,772 + 2952 681 +£9.0
CTSE-11 0.16055 92.95 £0.20 130,077 £ 1453 2484 £ 3.9 0.538 £ 0.022 6.34 £0.27 60,234 + 3249 44,822 + 17,044 44,753 £ 17,044 282 +£13
CTSE-12 0.05824 41.637 £ 0.081 251,379 + 3270 2203 +58 1.079 £ 0.057 2.95+0.16 204,833 + 30,052 118,921 + 84,188 118,852 + 84,188 308 + 86
CTSE-13 0.0938 37.936 £ 0.064 169,548 + 2313 169.9 2.2 1.304 + 0.062 4.81 +£0.24 — — — —
CTSE-14 0.0529 49.854 £ 0.089 174,281 £ 2521 167.1 £ 2.6 1.194 + 0.063 5.63 = 0.31 393,522 + o0 356,719 &+ co 356,649 = oo 457.1 £
CTSE-15 0.0708 30.408 £+ 0.058 31,495 £ 208 1543 +28 0.931 £ 0.027 14.82 + 0.44 167,748 £+ 11,008 156,134 & 15,886 156,064 £ 15,886 239.7 £11.6
CTSE-16 0.0541 378.76 £ 0.58 921,367 + 32,039 206.6 + 2.1 0.731 4 0.043 495 +0.34 97,950 £+ 9113 68,881 + 35,800 68,812 + 35,800 250.9 4+ 22.3
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5. Discussion
5.1. Palaeo-Drainage Evolution and Age

The confinement of the fluvial deposits along a narrow N-S trending depression,
along with the dominance of palaeoflow parallel to the axis of this depression provide
solid insights to confirm the occurrence of an ancient southward-draining valley in the
study area [45]. This palaeovalley entered the western side of the Val di Chiana Basin
in the Rigomag