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A B S T R A C T

Studying travertine deposits and the network of banded calcite veins that form their roots in the substratum can
place important constraints on neotectonic activity and the seismotectonic settings of geothermal areas. In this
paper, we present the results of integrated studies of a geothermal area located in the inner Northern Apennines
(Bagno Vignoni area, Italy), where low magnitude (M < 4) seismicity suggests the occurrence of active faults,
but information on their location, time-span of activity and seismotectonic setting is lacking. The study area is
characterised by thermal springs (T<50 °C) and travertine deposits well exposed in saw-cut walls of abandoned
quarries. We investigate the relationships between faults and the travertine deposits, in order to reconstruct the
syn-sedimentary tectonic activity and the age of faulting, by combining analyses of: i) geological setting and
structural/kinematic analyses of faults; ii) travertine morpho-structural and architectural setting; iii) travertine
facies; iv) U-Th radiometric, stable- and clumped isotopes of travertine and banded calcite veins. The results
highlight the occurrence of a wide brittle shear zone (>3 km) formed by two orthogonal faults systems, NE- and
NW-striking, characterised by oblique-slip to normal kinematics, respectively; these faults belong to a tract of the
so-named “Grosseto-Pienza” transfer zone, crossing the southern Tuscany from the sea-cost to the outer
Apennines belt. The Grosseto-Pienza transfer zone formed with extensional tectonics that have been affecting the
inner Northern Apennines since the middle Miocene. U-Th dating of travertine and banded calcite veins indicates
that faulting enhanced the hydrothermal fluid circulation since the middle Pleistocene, in an unvaried tectonic
setting, as indicated by the δ18O signature and temperature of the hydrothermal fluids, which remained stable
through time. The activity of the faults continued until the Holocene and still produces seismicity. Finally, our
findings permit to define the seismo-tectonic setting of this sector of the inner Northern Apennines, demon-
strating more broadly the utility of travertine deposits in reconstructing the neotectonics in geothermal areas.

1. Introduction

Fault transfer zones consist of km-wide deformed crustal volumes,
formed by parallel and/or anastomosed fault segments that accom-
modate heterogeneous extension, splitting the thinned crust into

domains characterised by differentiated amount of extension (Gibbs,
1990). Transfer zones are therefore wide brittle shear zones coexisting
with near orthogonal normal faults, and contributing to produce li-
thospheric and crustal thinning, as described for several regions af-
fected by extensional tectonics in continental crustal environments
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(Bally, 1981; Gibbs, 1990). In this framework, transfer zones result as
highly fractured rock-volumes where fluids can easily channelled
(Lister et al., 1986; Ebinger, 1989; Gibbs, 1990; Liotta, 1991; Rowland
and Sibson, 2004; Alçiçek et al., 2013; Liotta et al., 2015), thus having a
role in controlling the emplacement of magmatic bodies in the upper
crustal levels (Dini et al., 2008) and in favouring the circulation of
geothermal fluids (e.g. Rowland and Sibson, 2004).

The coexistence of normal and transfer fault zones has been docu-
mented in the inner Northern Apennines, Italy, since at least the
Neogene (Liotta, 1991; Carmignani et al., 1995; Liotta et al., 1998;
Brogi et al., 2005a; Brogi and Liotta, 2008; Barchi, 2010; Liotta et al.,
2015), when magmatism and related hydrothermal circulation were
related to continuous (still ongoing) extensional processes, with a
prominent SW-NE-oriented distribution along the main transfer zones
(Fig. 1). The present configuration of the inner Northern Apennines (i.e.
southern Tuscany and Northern Latium; Carmignani et al., 2001) and
northern Tyrrhenian sea (Bartole, 1995; Pascucci et al., 1999) derives
from a rifting process that thinned the lithosphere up to 30−50 km,
(Calcagnile and Panza, 1981; Locardi and Nicolich, 1992) and the crust
up to 20−26 km (Di Stefano et al., 2011 with references therein), after
the final thickening process related to the Oligocene-early Miocene
nappe stacking (Brunet et al., 2001; Molli, 2008; Rossetti et al., 2015).

In southern Tuscany, the NE-trending transfer zones were initially
indicated as tectonic lineaments (Fig. 1) since the early 1900s, by stu-
dies describing their geometric setting, geological features and geo-
morphological evidences (Signorini, 1935; Merla, 1951; Ghelardoni,
1965; Bortolotti, 1966). However, detailed field-based information on
their architecture and kinematics is restricted to only a few areas
(Liotta, 1991; Pascucci et al., 2007; Brogi et al., 2013, 2014; Bianchi
et al., 2015), where the role of the structures associated to the transfer
zones in controlling Neogene-Quaternary magmatism (Dini et al., 2008;
Acocella and Funiciello, 2006; Brogi et al., 2010a; Liotta et al., 2015)
and seismicity (Mantovani et al., 1995; Albarello et al., 2005; Viti et al.,
2006; Brogi and Fabbrini, 2009; Viti et al., 2016) has been emphasized.

In the Monte Amiata (Fig. 1) volcano-geothermal area (Brogi,
2008a; Batini et al., 2003), NE-trending faults have been considered as
the main structures controlling the evolution of the middle 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). In a similar scenario, NE-trending structures were
strictly associated with the Pleistocene volcanism of the Northern La-
tium (Acocella and Funiciello, 1999, 2006) and magmatism in the
northern Tyrrhenian Sea (Dini et al., 2008; Liotta et al., 2015).

Low-magnitude seismicity associated with these structures
(Buonasorte et al., 1987; Liotta, 1991; Brogi et al., 2014; Mantovani
et al., 2015; Piccardi et al., 2017) suggests their tectonic activity, at
least in some tracts. This topic is almost important as the seismotectonic
setting of the inner Northern Apennines is poorly defined, and scarce
data are available to infer active and potentially dangerous faults. A
profound knowledge of NE-trending structures is needed to better
constrain their potential impact on the seismicity of southern Tuscany,
and their role in controlling geothermal fluids circulation and storage at
depth.

We address these issues by presenting an integrated method of study
that includes sedimentological, structural and geochemical analyses,
focussing on the travertine deposition, as a marker of the fluid-rock
interaction through time. The study area is located in the sector of the
inner Northern Apennines (Val d’Orcia, Bagno Vignoni area), to the
north of the Monte Amiata volcano-geothermal area (Fig. 2), where a
first-order NE-trending transfer zone (Grosseto-Pienza tectonic linea-
ment in Bemporad et al., 1986) has been documented since the 1980′s
(e.g., Bemporad et al., 1986), and where low-magnitude seismicity also
occurs (http://cnt.rm.ingv.it/). Thermal springs and widespread tra-
vertine deposits (active and fossil) are aligned along this structure, in-
dicating a strong relationship between faulting and fluid flow. Our
study is aimed to define: i) the geometrical and kinematics settings of
faults; ii) the role of these structures in channelling and controlling the
fluid-rock interaction of the hydrothermal fluids flow through time; iii)
the age of faulting; iv) the role of faults in determining local seismicity.

The main results document a shear zone, at least 3 km wide, formed
by NE-trending fault segments that interrupt coeval NW-trending
normal faults. The NE-trending faults controlled the location of the
thermal springs and the development of travertine deposits since the
latest middle Pleistocene. The thermal springs are still active and tra-
vertine is depositing in a slope system, thus suggesting that the activity
of the geothermal system is triggered by faulting, as also supported by
the widespread low-magnitude seismicity (e.g. seismic events occurred
during March 2018; INGV: http://cnt.rm.ingv.it/).

Fig. 1. Tectonic sketch of the inner and outer Northern Apennines showing the main structural features: exhumed HP-metamorphic units, Neogene magmatic bodies,
basin-and-range structure with associated transfer zones in the inner zone; thrusts and developing basins in the outer zone.
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2. Geologic setting

The Northern Apennines originated from the convergence and col-
lision in the late Cretaceous–early Miocene between the Adria pro-
montory (of African plate pertinence) and the European plate, re-
presented by the Sardinia–Corsica massif (Molli, 2008, and references
therein). This process gave rise to the stacking of several tectonic units
deriving from different palaeogeographic domains (Vai and Martini,
2001). From the top, the units are (Carmignani et al., 1994): (a) the
Ligurian Units, derived from the Ligurian-Piedmont Domain, and con-
sisting of remnants of Jurassic oceanic crust and its late Jurassic-Cre-
taceous, mainly clayey, sedimentary cover; (b) the Sub-Ligurian Units
(Sub-Ligurian Domain), made up of Cretaceous-Oligocene turbidites;
(c) the Tuscan Units forming a duplex system and composed of HP
metamorphic and sedimentary units ranging from Palaeozoic to early
Miocene in age (Pandeli et al., 1991; Carmignani et al., 1994; Rossetti
et al., 2002; Brogi and Giorgetti, 2010, 2012).

After nappe stacking, an eastward migrating extension (e.g.
Boccaletti et al, 1971; Lavecchia, 1988; Patacca et al., 1990; Doglioni,
1991; Martini and Sagri, 1993; Carmignani et al., 1995; Liotta et al.,
1998; Molli, 2008; Barchi, 2010) affected the inner Northern Apennines
(i.e., northern Tyrrhenian Sea and Tuscany) from the early–middle
Miocene onward (Jolivet et al., 1990; Storti, 1995; Carmignani et al.,
1995; Pascucci et al., 1999; Brunet et al., 2000). Although extension
was a continuous process through time (Brogi et al., 2005a, 2005b), two
main stages can be described. The oldest extensional event occurred
during the Miocene (Carmignani et al., 1995; Dallmayer and Liotta,

1998; Brogi and Liotta, 2008; Brogi, 2011) and determined the devel-
opment of mainly eastward dipping normal faults. Fault development
produced: (a) the lateral segmentation of the more competent levels
within the previously stacked tectonic units (Decandia et al., 1993); (b)
the consequent westward rotation of their hangingwalls and develop-
ment of bowl-shaped tectonic depressions where Miocene continental
to marine sedimentation occurred (Brogi, 2004a; Brogi and Liotta,
2008); (c) the direct superimposition of the Ligurian Units on the late
Triassic evaporite and/or on the Palaeozoic phyllite, both representing
regional detachment levels (Dallmayer and Liotta, 1998; Brogi and
Liotta, 2008); and (d) extension of at least 120% (Carmignani et al.,
1994; Brogi, 2006). The younger event (Dallmeyer and Liotta, 1998;
Barchi, 2010) has been active since the Pliocene (Fig. 1). This phase of
extension is characterized by NW-striking normal faults crosscutting the
previously developed structures (Calamai et al., 1970; Lazzarotto and
Mazzanti, 1978; Mazzanti, 1966), and defining tectonic depressions
where Pliocene-Quaternary marine to continental sediments were de-
posited (Bossio et al., 1993; Martini and Sagri, 1993; Liotta, 1996; Brogi
et al., 2013). These depressions were coeval with NE-trending transfer
zones (Liotta, 1991), along which magmatic activity is concentrated
(Acocella and Funiciello, 2002, 2006; Dini et al., 2008; Brogi et al.,
2010a; Liotta et al., 2015). The amount of extension associated to this
event is estimated to be about 6–7% (Carmignani et al., 1994).

This extensional setting and evolution has been confirmed by many
field and laboratory studies (Lavecchia, 1988; Jolivet et al., 1990;
Carmignani and Kligfield, 1990; Serri et al., 1993; Carmignani et al.,
1994, 1995; Liotta et al., 1998; Barchi, 2010; Barchi et al., 1998;

Fig. 2. Geological map of the area indicated in Fig. 1, highlighting the main transfer zones associated to Neogene-Quaternary extensional tectonics, the main thermal
springs and gas emission (steam, CO2 and H2S); the Larderello-Travale and Monte Amiata geothermal areas are also highlighted. The study area, located along the
Grosseto-Pienza tectonic lineament, is indicated by the black rectangle, and it is enlarged in Fig. 3.
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Gualtieri et al., 1998; Negredo et al., 1999; Liotta and Ranalli, 1999;
Rossetti et al., 1999; Brunet et al., 2000; Di Bucci and Mazzoli, 2002;
Pera et al., 2003; Pauselli et al., 2004; Lavecchia et al., 2004; Molli,
2008; Bartole, 1995; Pascucci et al., 1999; Collettini et al., 2006; Dini
et al., 2008; Brogi, 2008b). Alternative interpretations of the tectonic
setting and evolution have been proposed (Finetti et al., 2001; Finetti,
2006; Bonini and Moratti, 1995; Bonini and Sani, 2002; Bonini et al.,
2014), but an extensional framework better explains the tectonic set-
ting of southern Tuscany as discussed in many papers (e.g. Brogi et al.,
2005a, 2005b; Brogi and Liotta, 2008; Brogi, 2011).

In this study, we focus on the Bagno Vignoni area (Figs. 2 and 3),
located along the transfer zone named as “Grosseto-Pienza tectonic
lineament”, affecting the western shoulder of the Neogene Siena-Ra-
dicofani Basin (Fig. 2). This basin consists of a broad Neogene
NNW–SSE oriented tectonic depression where Pliocene marine sedi-
ments are unconformably overlain by Quaternary continental deposits
(Bossio et al., 1993; Liotta and Salvatorini, 1994; Pascucci et al., 2007).

In the basin shoulders, the Ligurian Units, Subligurian Units, and the
Tuscan Nappe are widely exposed (Fig. 2). Concerning the stratigraphic
and tectonic setting of the Bagno Vignoni area, information was given
by Losacco (1959) and more recently by Brogi et al. (2005c, 2007) who
highlighted duplex structures affecting the Tuscan Nappe, later dela-
minated during the extensional tectonics. A part of the duplex system is
exposed close to Bagno Vignoni locality (Fig. 3) while the remaining
part has been drilled (at least in part) by boreholes during exploration
for thermal waters (Brogi et al., 2005c; 2007). The duplex structure
characterising the Tuscan Nappe reconstructed by boreholes and new
fieldwork (illustrated in the next paragraph) is illustrated in Fig. 4.

3. Methods

In order to (i) reconstruct the age, geometry and kinematics of faults
and (ii) characterize the geochemical features of the palaeofluids (i.e.
stabile isotopic composition and temperature), we carried out in-
tegrated geological, geochemical and geochronological analyses in the
area comprising the Bagno Vignoni travertine deposits (Fig. 3).

First, we conducted new fieldwork focused on geologic mapping of
an area of about 10 km2 at 1:5.000 scale (Fig. 3). The first aim of this
work was to get information on the factors that controlled, and are still
controlling, the hydrothermal fluids flow and travertine deposition.
Furthermore, in order to reconstruct the interplay between tectonic
activity and travertine deposition we have studied the travertine
bodies, in terms of: i) morpho-structural and architectural setting; ii)
facies analyses; iii) structural and kinematic setting. Moreover, a geo-
chemical study, in terms of stable and clumped isotopes, and U-Th
dating have been performed on the travertine deposits for better con-
strain the fluids provenience and age of deposition (i.e. faulting).

4. Results of geological, geochemical and geochronological
analysis

The following sections describe in different paragraphs our new
observations of: i) the stratigraphic features of the travertine sub-
stratum and structural setting of the area; ii) the architecture of the
travertine bodies; iii) stable- and clumped isotope analyses; and iv)
geochronological analyses.

4.1. Stratigraphy of the travertine substratum and structural setting

We analysed the travertine substratum where it is exposed along the
valley of the Orcia River (Fig. 3) that runs orthogonally with respect to
the western margin of the Siena-Radicofani Basin. The travertine sub-
stratum consists of: (i) late-Triassic-Oligocene sedimentary rocks be-
longing to the Tuscan Nappe; (ii) Eocene-Oligocene carbonate-terrige-
nous succession belonging to the Subligurian Unit; iii) Cretaceous
carbonate and terrigenous succession belonging to the external Ligurian

Units (S.Fiora Unit); and iv) Jurassic-Cretaceous ophiolite-bearing
carbonate-terrigenous succession belonging to the inner Ligurian Units
(Ophiolitic Unit). Fig. 4 summarizes the stratigraphic logs and the
tectono/stratigraphic relationships among the different units. All these
units are unconformably overlain by Pliocene marine sediments and,
locally, by travertine deposits.

The pre-Neogene units experienced poliphased tectonic deformation
during the Cretaceous-early Miocene collisional and Neogene-
Quaternary post-collisional evolution of the inner Northern Apennines.
Contractional structures (i.e. thrusts, reverse faults, folds and shear
zones) affected the pre-Neogene Units to form a tectonic pile (Fig. 4),
partially exposed nearby the travertine quarries (Fig. 3), and mostly
drilled in the surroundings of the main active thermal springs (Brogi
et al., 2007). Nevertheless, due to the effects of the middle-late Miocene
extensional tectonics, the Ligurian Units normally rest on the basal part
of the Tuscan succession (i.e. late Triassic evaporite), or on different
units within the carbonate and terrigenous succession (Fig. 3). Tectonic
omissions within the Ligurian and Sub-Ligurian Units also occur fre-
quently within the whole study area (Fig. 3).

Pre-Neogene units and the Neogene-Quaternary deposits, as well as
thrusts and extensional detachments, are dissected by two high-angle
fault systems (Fig. 3): (i) NE-trending faults, showing left-lateral ob-
lique-slip and normal movements, and (ii) NW-trending faults char-
acterised by dominant normal movements. NE-trending faults consist of
anastomosed fault segments, up to 2 km long, that cross the whole area
forming an about 3 km wide shear zone: these are characterised by
∼ten-meter offsets, and gave rise to the narrow structural depression
where the Orcia River developed (Fig. 3). At the cartographic scale, NE-
trending faults interrupt the lateral continuity of the NW-trending faults
(Fig. 3) and dissect both Neogene sediments and travertine deposits,
highlighting that these structures were active during the Neogene and
Quaternary. The NW-trending faults display ten-meter offsets and jux-
tapose early Pliocene marine sediments with the Ligurian Units (Fig. 3).
In contrast, in the surroundings areas NW-trending faults are buried by
late Pliocene sediments (cf. Liotta, 1994; Pascucci et al., 2006, 2007;
Brogi, 2011), suggestion that activity pre-dated the early Pliocene.

Faults affecting the travertine substratum show offsets not ex-
ceeding 50 m (Fig. 3) and have core-zones no larger than 5 m (Fig. 5a-
e), consisting of brecciated and comminuted rocks (Fig. 5f). Well-de-
veloped fractures, in some cases filled by calcite (Fig. 5), define the
damage zones, in both the fault walls (Fig. 5c-e). The fault slip-planes
often contain mechanical striations and/or calcite/Fe-hydroxides
slickensides. Meso-faults affecting the Neogene deposits show dis-
placements occasionally exceeding 10 m (Fig. 5).

Structural and kinematic analyses were carried out on the carbonate
and terrigenous succession of the Tuscan Nappe (Figs. 3 and 4), which
is composed of the most favourable lithotypes to record striations. More
than 50 kinematic data were collected from 12 structural stations; the
results are shown in the diagrams of Fig. 3. Kinematic indicators of the
NE-trending fault system show two superposed movements, as re-
constructed in few structural stations. The first one is defined by left-
lateral oblique-slip movements, while the second movement is char-
acterized by a dominant vertical component (Fig. 5g). Movements
characterised by dominant normal components have also been re-
cognized in the NW-trending faults.

4.2. Travertine deposits

Travertine deposits have a maximum thickness of about 25 m and
consist of two distinct bodies located to the southwest and south of the
Bagno Vignoni village (Fig. 3–6). The eastern body is still growing in a
restricted area (Fig. 6), where 50 °C thermal water (Pentecost, 1994),
drained from the thermal spring feeding the “Bagno Grande” pool
(Fig. 6d) is conveyed. In contrast, the western body is a fossil deposit
extensively quarried during the 1970′s (Fig. 6a).

The three abandoned quarries are characterized by saw-cut walls
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Fig. 3. Geological map of the study area and geological sections. Stereographic diagrams (equal area, lower hemisphere) illustrating faults and striae, kinematic axes
and fault plane solutions, divided per fault-trends and obtained from the inversion of kinematic data collected on fault-slip surfaces, are also shown.
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allowing the reconstruction of the internal architecture and different
depositional events, as well as the location of the feeder conduits of the
palaeothermal springs. For this reason, we have studied in detail the
westernmost deposit.

In the following, we describe: i) architecture and lithofacies char-
acterising the travertine body and its depositional units; ii) the geo-
metrical setting and textural features of the banded calcite veins; iii) the
results of stable- and clumped isotope analyses; iv) the geochronolo-
gical analyses for age determination.

4.2.1. Architecture and lithofacies of the travertine deposit
On the top of the travertine deposits, NW- and NE-trending fissure

ridges and cone-shape mounds are aligned along the main faults
(Fig. 6a), suggesting a structural control on their location. A NW-
trending fissure-ridge (Fissure ridge A, in Fig. 7), 56 m long, bounds the
western slope of the Poggione hill (Fig. 6a); the ridge is characterized
by a central fissure ranging from 1 to 80 cm in width (Fig. 7). A few tens
of meters to the NW limit of the ridge, a cone-shape mound up to 50 cm
high indicates the presence of an isolated palaeothermal spring devel-
oped along the same fault that controlled the development of fissure
ridge A. Another fissure ridge, NW-trending and 60 m long (fissure
ridge B, Fig. 7), occurs to the south of the Poggione hill and delimits the
eastern saw-cut wall of Quarry 2 (Figs. 6 and 7). The geometry of the
bedded travertine is exposed in the westernmost wall of fissure ridge B
along its entire length (at least 80 m).

Decimeter-high cone-shape mounds are aligned along the south-
eastern slope of the Poggione hill (Fig. 6) for at least 100 m, revealing
the geometry of the fault that fed the hydrothermal fluids from which
the eastern part of the travertine deposit originated. These mounds are

partly dismantled but their occurrence is indicated by up-ward cone-
shape travertine beds.

Other minor fissure ridges characterise the whole travertine deposit
(Fig. 6). Among these, fissure ridge C (Fig. 6) is exposed in a small saw-
cut wall showing the internal architecture of the ridge; our observations
show that it is characterized by several superposed lenticular/dome-
shaped bedded travertine bodies and corresponding to different de-
positional phases. The banded calcite vein corresponding to the feeder
conduit, active during the latest travertine deposition, is also re-
cognizable (Fig. 8). This evidence indicates the shifting of the feeder
fissure through time, therefore implying continuous tectonic activity
during travertine deposition.

The quarried travertine deposit (westernmost in Fig. 6a) corre-
sponds to a slope depositional system that passed to a distal zone
characterised by sub-horizontal morphology and low-energy environ-
ment (Fig. 9a); the whole deposit was fed by thermal springs developed
on the NW- and NE-trending fissure ridges and mounds. In this scenario,
laminated abiotic crystalline crusts, interrupted by small ponds of mi-
crobial mats (Fig. 9b), formed where fluids run along slopes (cf Alçiçek
et al., 2017), close to the paleo-thermal springs. In the distal parts,
fluids fed palustrine environments, where travertine deposited in ve-
getated areas (Fig. 9c–d). The increasing amount of vegetation in the
distal parts of the deposits suggests the cooling and shifting of the flow
system waters.

Travertine deposition was discontinuous through time, as high-
lighted by the numerous unconformities that separate different de-
positional events, in some cases accompanied by palaeosoils.
Nevertheless, the resulting travertine deposits can be estimated to be a
maximum of about 25 m thick.

Fig. 4. Stratigraphic logs of the tectonic units exposed (and drilled) in the study area, reconstructed through field work and borehole data (Bagno Vignoni 1 borehole
in Brogi et al., 2007). Symbols: O.U.1 - Ophiolite (Middle-Late Jurassic); O.U.2 - sedimentary cover represented by siliceous limestone, calcarenite, marl with
interbedded shale (Calcari a Calpionella and Argille a Palombini Fms; Early Cretaceous); S.F.1 - Shale, marl, siliceous limestone and radiolarite (Sillano Fm, Early
Cretacous); S.F.2 - Sandstone, shale and mal (Pietraforte Fm, Cretaceous); S.F.3 - limestone, marl and shale (Santa Fiora Fm., Cretaceous). S.L.1 - calcarenite, siliceous
limestone, shale (Argille e Calcari Fm; Eocene-Oligocene); T.N.1 - Dolostone and dolomitic limestone (Burano Fm, Late Triass); T.N.2 - Massive limestone (Calcare
Massiccio Fm., Early Lias); T.N.3 - reddish nodular limestone and shale (Rosso Ammonitico Fm, Middle Lias); T.N.4 - Cherty limestone, marl and shale (Calcare
Selcifero Fm., Middle-Late Lias); T.N.5 - Marl and marly limestone (Marne a Posidonia Fm, Dogger); T.N.6 - radiolarite (Diaspri Fm., Malm); T.N.7 - Cherty limestone
and marl (Maiolica Fm, Early Cretaceous); T.N.8 - Shale, marl, radiolarite, siliceous limestone, calcarenite and calcirudite (Scaglia Toscana Fm., Late Cretaceous-Late
Oligocene); T.N.9 - Quartz-feldspar sandstone, siltstone and shale (Macigno Fm, Late Oligocene-Early Miocene).
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Fig. 5. Examples of faults and related minor structures; a) a main fault zone affecting the Macigno Fm along the Orcia River, with offset exceeding 10 m; b) particular
of the slip surface and core zone; c) example of damage zone associated to a meter offset fault affecting sandstone beds belonging to the Macigno Fm.; d–e) strike-slip
faults, associated splay and extensional jogs developed in releasing step-over zones, representing a minor structure associated with the main transfer zones; f) detail of
a permeable cataclasite, presently cemented by calcite, developed in the core zone of a normal fault; g) example of superposed kinematic indicators as recognised in
rare fault planes; slickensides are made up of calcite.
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Four main lithofacies association (LF1-4 in Fig. 9), assembled in
twelve main unconformity-bounded stratigraphic units (S.U0-S.U11 in
Fig. 10), have been categorised through the analyses of the quarries
saw-cuts:

1 Laminated porous microbialites (LF1), consisting of peloidal micritic

layers locally with small and very close pores (fenestral porosity)
due to the presence of microbial mats and shrubs (Fig. 9c) and/or
layers with larger pores (mouldic porosity) due to the presence of
paper-thin raft, bubbles, puffy pastry-like structures and plant im-
prints (Fig. 9d). Their thickness varies from 0.5 cm to 10 cm. Some
units show high porous lens, 15 cm thick, mainly characterized by

Fig. 6. a) Satellite photograph (from Google Earth) illustrating the Bagno Vignoni travertine deposits and the main faults (see also Fig. 3). Fissure ridge-type
travertine deposits (A, B and C correspond to fissure ridges described in the text), thermal springs and the abandoned quarries are also reported; b–c) panoramic
views of the active travertine slope-depositional system occurring nearby the SPA; d) main thermal spring feeding the Medieval pool and giving rise to the travertine
deposition.
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microbial mats and also karst cavities partly filled by speleothems.
Those kinds of deposits developed far from the slope, in lateral flats
and depressions where the water became colder than the source
(Guo and Riding, 1999; Gandin and Capezzuoli, 2014; Erthal et al.,
2017).

2 Laminated abiotic crusts (LF2) composed by crystalline layers from
2 mm to 5 cm thick, with variable dips ranging from more than 40°
to 10°. The lamination is evident for colour changes, from white to
yellow-rose-coloured (Fig. 9b). Feather-like crystals make up the
majority of layers and fan/ray crystals are visible in some cases.
Micro-terraces and small pools developed along slopes, in the flow
direction. Abiotic crust layers are locally interrupted by small mi-
crobial mats ponds, shrubs, microbial lime and bubbles. Co-ex-
istence of abiotic crusts and micro-terraces are typical deposits of
high-flux regime that develop on slopes, close to the thermal
springs.

3 Brecciated levels (LF3) made up of angular, cm-to-m-sized travertine
clasts in a fine grey carbonate matrix, without a preferential or-
ientation (Fig. 9e). These deposits originated from disrupted

travertine beds in small muddy morphological depressions (Grad-
zinski et al., 2014) or as possible earthquake-triggered soft-sediment
deformation structures (seismites - Brogi et al., 2018).

4 Micritic lime deposit (LF4) composed by massive, fine-grained, grey-
brownish-colored compact limestone (Fig. 9e), developed in distal,
palustrine environment characterized by cool and shallow ponds
(Gandin and Capezzuoli, 2014).

According to the classification of Capezzuoli et al. (2014), facies
association exposed in the quarried travertine deposit (westernmost in
Fig. 6a) corresponds to a slope depositional system that passes to a
distal zone characterised by sub-horizontal morphology and low-energy
environment (Fig. 9a); the whole deposit was fed by thermal springs
developed on the NW- and NE-trending fissure ridges and mounds. In
this scenario, laminated abiotic crystalline crusts, interrupted by small
ponds of microbial mats (Fig. 9b), formed where fluids run along slopes
(cf Alçiçek et al., 2017), close to the palaeo-thermal springs. In the
distal parts, fluids fed palustrine environments, where travertine de-
posited in vegetated areas (Fig. 9c–d). The increasing amount of plants

Fig. 7. Morphometric analyses and photographs of the fissure ridges A and B (see Fig. 6 and 10 for their location).
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in the distal parts of the deposits suggest the cooling and shifting of the
waters flow system.

In quarries 1 and 2 the lower travertine units (from S.U0 to S.U5)
are exposed (Fig. 10a). These are characterised by gently dipping beds
mainly composed of LF1+LF3+LF4, indicating a dominant low-energy
depositional environment, at least as it concerns the S.U0-S.U3 levels.
In Quarry 2, a well-developed palaeosoil, up to 2 m thick, separating
the S.U0 from the S.U1 is exposed in the northern saw-cut wall
(Fig. 10b). Its occurrence suggests a prolonged depositional stasis, ac-
companied by erosional processes and pedogenesis, before the deposi-
tion of the S.U1 level.

Quarry 3 (Fig. 10) shows most of the travertine succession (from
S.U2 to S.U11). Succession from S.U2 to S.U5 is mostly formed by distal
(i.e. palustrine: F1 + F3 + F4) facies associations; in contrast, the suc-
cessions from S.U6 to S.U11 are mainly characterised by proximal (i.e.
slope: F2) facies associations developed close to the palaeo-thermal
springs located along the fissure ridge B (Fig. 10). The easternmost saw-
cut wall shows five depositional units that formed on the western flank
of the previously mentioned fissure ridge.

The lower part of the travertine succession (S.U0-S.U3) was dis-
sected by faults. In particular, the S.U0 was strongly dissected by NW-
trending faults; deformation affected 10 m of the S.U0 succession as
recognised in the western and eastern saw-cut walls of the Quarry 2
(Fig. 11a). Most of tectonic deformation affected the S.U0 and was
accompanied by fluid circulation that deposited banded calcite veins in
a time-period spanning at least 23.3 ± 0.6 and 9.5 ± 1.8 ka. Several
parallel-banded calcite veins cross-cutting each other developed within
the fault zones (Fig. 11c–d). The fault zone was partially eroded and
buried under the S.U1 (Fig. 11a–d). Nevertheless, faulting continued
after the deposition of the S.U1, producing the cracking and tilting of
bedded travertine blocks and the development of open fractures, up to
1.5 m in width, filled by bedded travertine (Fig. 11a–b). Such a

neoformational travertine was later dissected; banded calcite veins
developed along the fault zone therefore suggesting that faulting was
accompanied by hydrothermal fluid circulation up to 9.5 ± 1.8 ka
(Fig. 11e).

Saw-cut walls of all quarries do not permit us to evaluate if such a
fault also dissected the overlying units, even if it is expected.

4.2.2. Geometric and textural features of the banded calcite veins
Most of the banded calcite veins are exposed in the saw-cut walls of

the quarries, but in some cases banded veins have also been recognised
in the quarry-floors, where the substratum is exposed in restricted
windows (Fig. 12a–c). In other cases, banded calcite veins filled the
central fissure of minor fissure ridges or have been recognised crossing
the travertine beds outside the quarries (Fig. 12d–e). In all cases, the
banded calcite veins are NW- and NE-trending, parallel to the main
faults recognised in the whole area (Fig. 10a). Veins crosscut each-other
and define volumes of deformed travertine beds with a concentrated
vein network. In some cases, the chronological relationships among
veins are clear but in other cases veins are mutually cross-cutting, de-
fining very complex vein arrays Fig. 11.

Each vein consists of millimeter thick, parallel and/or subparallel
vertical crystal bands with different colours: white, grey, yellowish, red
and more rarely brownish bands (Fig. 13). In some cases, light-trans-
parent bands have internal black/grey shades. The contact between
veins and travertine is sharp. Vein crystals grew normal to the wall-
rock, toward the central part of fractures, thus forming symmetrical,
isopachous, or less frequent botryoidal mm-to-cm thick crusts
(Fig. 13a). Banded veins are commonly sealed although discontinuous
voids rimmed by festoons can locally be observed in the central part of
the vein.

According to Capezzuoli et al. (2018), Type A bands with elongate-
blocky calcite crystals, characterized by 0.17–2.6 mm in length and

Fig. 8. Photographs of the saw-cut wall illustrating the inner part of the fissure ridge C (see Fig. 6 and 10 for its location); a–b) saw-cut wall of the quarry and the line-
drawing with the interpretation of the geometrical setting and progressive development; c–d) particular of the angular unconformity and banded calcite vein
characterising the travertine body.
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wavy extinction, and Type B bands with microcrystalline (microsparite-
to micrite) calcite crystals have been recognised characterising most
laminae (Fig. 13b). The Type A elongate-blocky crystals seem to nu-
cleate from Type B microcrystalline cone and grow perpendicular to the
vein wall.

4.2.3. Stable and clumped isotope analyses
δ13C and δ18O analyses have been made on eight key samples

(Fig. 10a), some of which used also for radiometric ages determination
(Tab. 1). BV 12 and BV 16 are banded calcite veins from Quarry 2
(Fig. 11); BV 10 and BV 11 are respectively from the LF2 and banded
calcite vein crossing the S.U1 in the Quarry 2 (Fig. 11e); BV 15 is a LF2
crystalline crust bedded travertine collected SW to the Quarry 3; BGV 8
consists of a LF2 crystalline crust collected close to the previous sample.
BGV 7 is a LF1 microbial mat collected in the Quarry 3 and BV 13 is LF2

crystalline crust located in Quarry 2. See Figs. 10a and 11 for their
location.

Stable carbon and oxygen isotope measurements were performed on
powders at the Institute for Geological and Geochemical Research,
Hungarian Academy of Sciences, Budapest, Hungary, using the con-
tinuous flow technique with the H3PO4 digestion method (Spötl and
Vennemann, 2003). 13C/12C and 18O/16O ratios of CO2 generated by
acid reaction were measured using a Thermo Finnigan Delta Plus XP
continuous flow mass spectrometer equipped with an automated Gas-
Bench II. The results are expressed in the δ-notation [δ = (R1/R2 − 1)
× 1000] where R1 is the 13C/12C or 18O/16O ratio of the sample and R2
is the corresponding ratio of the Vienna Pee Dee Belemnite (VPDB)
standard, in parts per thousand. Finnigan Delta Plus XP continuous flow
mass mean values are given in the standard δ-notation in parts per
thousand (‰) relative to VPDB (δ13C and δ18O) and Vienna Standard

Fig. 9. a) Panoramic view of the Quarry 3 where the high- and low-energy travertine depositional environments are highlighted; see the text for more information on
the facies distribution and travertine features. b) detail of the lithofacies 2 (as described in the text) typical of running waters along slopes; c) detail of the lithofacies 1
and 4 (as described in the text) developed in low-energy (palustrine) environment; d) example of reed association characterising a travertine level deposited in a
palustrine environment; e) detail of the blocks characterising the lithofacies 3 and delimited, at the top, by and erosional surface.
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Fig. 10. a) Sketch-map of a part of the western travertine deposit (see Fig. 6 for its location) where the abandoned quarries are located. The twelve Stratigraphic
Units (S.U.0–11) are indicated with different colours. The location of the banded calcite veins, palaeothermal springs forming mounds and fissure ridges are also
reported. b) panoramic view of the northern wall of the Quarry 2, where the S.U0-S.U5 have been described; c–d) panoramic view of the northern wall of the Quarry
3, where the S.U2-S.U7 have been described; e) panoramic view of the eastern wall of the Quarry 2, where the S.U7-S.U8 forming the western slope of the fissure
ridge B are exposed.
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Mean Ocean Water (VSMOW; δ18O). Duplicates of standards and sam-
ples reproduced values.

Results of the carbon and oxygen isotope compositions of all sam-
ples are reported in Table 2 and Fig. 14. δ13C and δ18O values range
between 2.27 and 3.76‰ and between 20.23 and 22.51‰, respec-
tively. The δ13C and δ18O values for the bedded travertine samples
BV13 and BV11 differs from the others and show the lowest δ13C values

and the highest δ18O values. The δ13C values of the banded travertines
are high (between 3.54 and 3.76‰), while their δ18O values vary be-
tween 20.23 and 22.17 δ18O‰.

The clumped isotope measurement was applied to a sample con-
sisting of a banded calcite vein (BV 10), collected in the Quarry 2,
(Figs. 10 and 11), in order to reconstruct the palaeotemperature of the
hydrothermal fluids that were channeled thought the faults. The same

Fig. 11. Particular of fault zones filled by banded calcite veins exposed in the eastern saw-cut wall of the Quarry 2 (see Fig. 10 for location); a) panoramic view of the
fault zones and banded calcite veins. Note how the fault zone 1 affected only the S.U0; on the contrary, fault zone 2 dissected both S.U0 and S.U1. b) particular of the
fault zone 2 highlighting a fracture affecting the bedded travertine, filled by bedded travertine lithons travertine and dissected again during a hydrothermal fluids
circulation that deposited the banded calcite vein; c–f) particular of the banded calcite veins filling the fault zones; e) fractures filled by calcite and paleosoil affecting
the bedded travertine of the S.U0. Ages are also reported and indicated in Table 3.
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sample was also analysed through U-Th radiometric dating (see the next
paragraph). The powder sample (2 aliquots of BV 10, each 6−8 mg)
were analysed at the IsoLab, University of Washington, Seattle, WA,
USA, using the procedures of Burgener et al. (2016); Schauer et al.
(2016) and Kelson et al. (2017). Powdered calcite was reacted in a
common acid bath at 90 °C and purified using an automated system.

Purified CO2 was analysed using a Thermo MAT253 isotope ratio mass
spectrometer. Following Schauer et al. (2016), IUPAC parameters were
used to correct for 17O interference (Brand et al., 2010). Pressure
baseline correction (He et al., 2012) was made by measuring the re-
ference gas signal 0.0084 V down voltage of the mass 46 peak centre.
Clumped isotope values (Δ47) are referenced to the carbon dioxide

Fig. 12. a–c) Particular of the saw-cut wall of the Quarry 3 (Fig. 10 for the location) showing a banded calcite vein crossing the travertine deposit and its substratum,
made up of Late Eocene calcarenite belonging to the Scaglia Toscana Fm. d–e) example of banded calcite veins crossing the banded travertine outside of the quarries.
Ages are also reported and indicated in Table 3.

Fig. 13. Example of the texture of the banded calcite vein: a) banded calcite vein and thin section across the whole vein in the indicated area; b) thin section
(polarized light) showing the fabric of the calcite crystals forming the different bands of the vein; see the text for more information.
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equilibrium scale, or absolute reference frame Δ47 reference frame
(Dennis et al., 2011) using CO2 equilibrated at 4, 6 0 and 1000 °C.
Temperatures were calculated from measured Δ47 values using the
calibration of Kelson et al. (2017), which was generated in the same
laboratory as our sample data.

Results of the clumped isotope measurements are summarized in
Table 2. The determined average Δ47 value is 0.588 ± 0.021‰. The
corresponding temperatures were calculated using of the equation of
Kelson et al. (2017) resulting 32 °C. In course of the Δ47 measurement
stable oxygen and carbon isotopic values of the samples were also
measured (Table 2).

δ18O of the precipitating water was calculated for the BV10 sample
using the temperature dependence of the calcite-water oxygen isotope
fractionation (equations of Kim and O’Neil, 1997; Coplen, 2007 and
Kele et al., 2015), the TΔ47 and the δ18Ocarbonate values.

4.2.4. U-Th dating
Key samples from the travertine deposit and from the calcite veins

of the main fault zones have been collected in the different quarries and
surroundings for datings (Fig. 10, Table 1). The age of the bedded
travertine deposit has been defined collecting samples from the lower
(S.U0) and upper (S.U10) units exposed in the quarries 1 and 3, re-
spectively. The uppermost unit (S.U11) was not sampled as composed
by not suitable travertine lithofacies, too altered for analysis. Samples
of the banded calcite veins have been collected in order to reconstruct
the age of the fluid circulation within the fault zones. We performed U-
Th dating analyses using two different techniques: α spectrometry
performed at the Laboratorio di Geochimica Ambientale e Isotopica of
Roma Tre University (Italy), and Thermo Electron Neptune multi-col-
lector inductively coupled mass spectrometer (MC-ICP-MS) (Shen et al.,
2012) at the High-Precision Mass Spectrometry and Environment
Change Laboratory (HISPEC) of the National Taiwan University, Taipei
(Taiwan ROC).

For α spectrometry, we dissolved around 60 g of sample in 7 N
HNO3, filtering the solution to remove the insoluble residue. After
adding hydrogen peroxide to destroy organic matter, the leachate was
heated at 200 °C and then spiked with a 228Th–232U tracer. U and Th

isotopic complexes were extracted following the procedure described in
Edwards et al. (1988) and alpha-counted using high-resolution ion-
implanted Ortec silicon-surface barrier detectors. Due to the presence of
detrital non-radiogenic 230Th, ages obtained for samples with a
230Th/232Th activity ratio lower than or equal to 50 were corrected
assuming an average 230Th/232Th activity ratio of 0.85 ± 0.36
(Wedepohl, 1995), which is the crustal thorium mean composition. We
then calculated the ages using ISOPLOT, a plotting and regression
program for radiogenic-isotope data (Ludwig, 2003).

For MC-ICP-MS dating, about 0.05 g of sample were covered with
H2O and gradually dissolved with double distilled 14 N HNO3. After
dissolution, we added a 229Th–233U–236U spike (Shen et al., 2003) to the
sample, followed by 0.5 ml of HClO4 to decompose the organic matter.
We then followed the chemical procedure described in Shen et al.
(2003) for the separation of uranium and thorium for instrumental
analysis on MC-ICP-MS (Shen et al., 2012). We calculated the age
correction using an estimated atomic 230Th/232Th ratio of 4 ± 2 ppm.
These latter value is typical for a material at secular equilibrium with
the crustal 232Th/238U value of 3.8. We arbitrarily assumed a 50% error.

U-Th geochronology results are summarized in Table 3. The age of
the travertine deposit ranges from 160.6 ± 6.6 ka to 22.1 ± 5.2 ka as
deduced by the analyses of samples BV3 and BV13 (Fig. 10a; Table 3).
Samples collected in the banded calcite vein network recognised in
Quarry 2 (Figs. 10 and 11) indicate that the S.U0 was affected by
faulting ∼ 23.3 ± 0.6 ka; faulting deformed the same rock volume and
also the overlying S.U1 deposit until 9.5 ± 1.8 ka (Table 3 and Fig. 11),
therefore suggesting fault activity during travertine deposition for at
least 13 ka. This time span also includes the development of the pa-
laeosoil and the angular unconformity separating S.U0 from the over-
lying S.U1 deposit (Fig. 11). Other banded calcite veins collected in
Quarry 3 and surroundings (Fig. 10a) show ages that are in agreement
with this time span, suggesting fault activity comprised between
14.3 ± 0.4 ka and 9.5 ± 1.3 ka (Table 3 and Fig. 10a).

5. Discussion

Our discussion is focused on: a) structural setting and tectonic

Fig. 14. Isotope values of the studied samples compared with
samples from other areas characterised by similar settings (see
the text for more information); data from: Minissale (2004),
Gandin and Capezzuoli (2008), Ricci et al. (2015), Ronchi and
Cruciani (2015); Berardi et al. (2016), Croci et al. (2016),
Rimondi et al. (2016).
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control on fluid circulation; b) inferred relationships between travertine
deposition and faulting, and their age constraints; and c) consideration
of the regional tectonic and seismotectonic setting.

5.1. Tectonic control on fluids circulation and travertine deposition

The strict relation among thermal springs, travertine deposition and
tectonic activity has been widely documented by several authors in the
last decades (Hancock et al., 1999; Altunel and Hancock, 1993a, 1993b;
Çakır, 1999; Hancock et al., 1999; Brogi, 2004b; Altunel and
Karabacak, 2005; Uysal et al., 2007, 2009; Mesci et al., 2008; Brogi and
Capezzuoli, 2009, 2014; Temiz et al., 2009, 2013; Brogi et al., 2010b,
2016; Temiz and Eikenberg, 2011; Alçiçek et al., 2017; Claes et al.,
2017; Henchiri et al., 2017; Berardi et al., 2016; Brogi et al., 2017,
2018; Alçiçek et al., 2016, 2018, 2019a, 2019b; Karabacak et al., 2019).
These authors underline the role of travertine deposits in recording
tectonic activity through time in geothermal areas. Fluid circulation
and upwelling overall in geothermal systems (Barbier, 2002) depends
on the permeability induced by bedrock fractures (Caine et al., 1996;
Cox et al., 2001): interconnection of micro- and macro-fractures control
the pathways of hydrothermal fluids (Cox et al., 2001; Zucchi et al.,
2017), suggesting that faults related-damage in rock volumes plays a
major role in controlling hydrothermal fluids flow in upper crustal le-
vels. Damaging may be enhanced (and therefore fluid flow channelled)
where faults link, crosscut each-other, and intersect (Kim et al., 2003),
thus influencing the location of thermal springs (Curewitz and Karson,
1997). As previously described, in the study area travertine deposition
was (and is) mainly controlled by the NE-striking faults, overall where
NE-striking faults intersect the NW-striking ones; in fact, fissure ridges-
type travertine deposits and mounds developed along both fault trends
and nearby their intersection. Travertine deposition at the intersection
of NW (i.e. normal)- and NE (i.e. trasfer)-striking faults is a common
feature also for the surroundings areas, as described for the Monte
Amiata region (Brogi, 2008a; Brogi and Fabbrini, 2009; Rimondi et al.,
2015; Vignaroli et al., 2016), Rapolano Terme area (Brogi, 2004b) and
Monte Cetona area (Brogi et al., 2012), as well as worldwide (e.g. New
Zeland, Rowland and Sibson, 2004; western Anatolia, Alcicek et al.,
2013).

5.2. Age of faulting, tectonic activity, palaeofluid temperatures and CO2
origin

Fissure ridges and banded calcite veins occurrence across travertine
deposits and substratum present an excellent opportunity for re-
constructing the age of faulting (Hancock et al., 1999; Altunel and
Karabacak, 2005; Uysal et al., 2007; Karabacak et al., 2019; Török
et al., 2019).

Travertine deposition originates from fluids with high sealing ca-
pacity that tends to decrease the fault permeability in absence of

tectonic activity or seismic events (Muir-Wood, 1993; Curewitz and
Karson, 1997; Hancock et al., 1999; Micklethwaite and Cox, 2004;
Anderson and Fairley, 2008). As a result, travertine deposition occurs
during tectonically active periods (Brogi and Capezzuoli, 2014; Brogi
et al., 2018; Karabacak et al., 2019; Williams et al., 2017), if climate is
favourable (Faccenna et al., 2008), and the age of travertine deposits
can reveal much about the age of faulting (Hancock et al., 1999; Uysal
et al., 2007).

The analysis of the internal architecture of the travertine deposits,
in terms of geometrical setting of their different depositional units and
facies, can provided information for the reconstruction of the original
morphology of the travertine body and feeder systems, represented by
fissure ridges, mounds and banded calcite veins. Our data indicate that
the feeder systems were controlled by both NW- and NE-trending faults
delimiting the Poggione hill to the west and south, respectively (Fig. 6).
The flowing waters deposited the travertine beds on neighbouring
slopes and morphological depressions (Fig. 9).

Banded calcite veins are consequence of crack-and-seal processes
(Sibson, 1987), indicative of repeated fracture opening pulses and
contemporaneous fluids flow (Altunel and Karabacak, 2005; Uysal
et al., 2009; Brogi et al., 2016, 2017; Capezzuoli et al., 2018), accom-
panied by aragonitic-calcitic laminae deposition. If this view, each la-
mina forming the banded veins recognised in the Quarries 2 and 3
should be deposited in correspondence of a tectonic pulse, therefore
revealing its age. Orientation of the banded calcite veins (NW- and NE-
trending) is parallel to the fissure ridges, matching the main faults trend
as recognised in the whole study area (Figs. 3 and 6a).

The radiometric ages obtained from the banded calcite veins de-
veloped along the NE-striking faults system range from 23.3 ± 0.6 ka to
9.5 ± 1.8 ka, indicating fluids-assisted tectonic activity for at least 13
ka (Figs. 10a and 11, Table 3). The banded calcite veins developed
along the NW-trending fault indicate activity between at least
14.3 ± 0.4 ka and 9.5 ± 1.3 (Figs. 10a and 12, Table 3), suggesting that
the two fault systems were coeval, at least during the last period of their
tectonic activity, with the NE-trending faults documenting a longer
history of crack and seal processes. Nevertheless, the age of the tra-
vertine deposits suggests that the activity of both fault systems may
have initiated earlier: the lower and older depositional unit (S.U0), fed
by the NE and NW-trending fissure ridges, have been dated at
160.6 ± 6.6 ka (Tab. 3). This fact suggests that fault permeability and
hydrological conditions favoured travertine deposition since the latest
middle Pleistocene. It is possible that faults activity started before the
travertine deposition giving the tendency of faults to become permeable
during their mature stage (cf Caine et al., 1996).

In contrast, deposition of the youngest age of travertine deposit
(S.U10) was associated with fluids flow from fissure ridge B that was
active until at least 22.1 ± 5.2 ka. Ages of NW-trending banded tra-
vertine veins suggest a younger age of fluid circulation, at least until
9.5 ± 1.3 ka.

Table 1
Analysed samples: their location is indicated in Fig. 10a.

Sample Coordinates U/Th Stable Isotope Clumped Isotope Type

BV2 43° 1'21.95"N 11°36'39.05"E X – – Banded Calcite Vein
BV3 43° 1'21.46"N 11°36'39.48"E X – – Bedded Travertine
BV4 43° 1'23.43"N 11°36'37.35"E X – – Banded Calcite Vein
BV6 43° 1'24.76"N 11°36'37.49"E X – – Bedded Travertine
BV 10 43° 1'23.89"N 11°36'32.42"E X X X Banded Calcite Vein
BV 11 43° 1'23.86"N 11°36'32.40"E X X – Karstic infilling
BV 12 43° 1'24.16"N 11°36'31.87"E X X – Banded Calcite Vein
BV 13 43° 1'23.60"N 11°36'30.18"E X X – Bedded Travertine
BV 15 43° 1'16.41"N 11°36'27.90"E X X – Banded Calcite Vein
BV 16 43° 1'24.10"N 11°36'31.99"E X X – Banded Calcite Vein
BGV7 43° 1'22.76"N 11°36'37.99"E – X – Bedded Travertine
BGV8 43° 1'16.22"N 11°36'27.21"E – X – Bedded Travertine
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Fluid flow and travertine deposition is still active in the eastern side
of the study area, along the NE-trending fault system (Figs. 3 and 6).
Travertine deposition implies that some faults segments are still
permeable; their permeability is possibly maintained by the widespread
low-magnitude seismicity recorded in the area (http://cnt.rm.ingv.it/).

Temperature of hydrothermal fluid that circulated within the fault
zones, as determined through clumped isotopes method (32 °C) and the
δ18O using the temperature dependence of the calcite-water oxygen
isotope fractionation (equations of Kim and O’Neil, 1997; Coplen, 2007
and Kele et al., 2015), is in the range of the Present fluids flowing from
the active thermal springs in the Quarry 3. This result suggests that the
geothermal system did not change through time, at least considering
water temperature. The use of the equation of Kim and O’Neil (1997)
resulted -5.63‰, while the use of Coplen (2007) and Kele et al. (2015)
resulted lower δ18Owater values (-7.41‰ and -8.49‰, respectively).
These calculations demonstrate that the calculated δ18Owater values
depend strongly upon the equation used. Kele et al. (2015) noted that in
several travertine systems mineral–water oxygen isotope fractionation
is usually higher than that computed by the equation of Kim and O’Neil
(1997). Thus, δ18Owater it was most probably lower than -5.63‰. The
δ18Owater value of the Bagno Vignoni thermal spring is -7.9‰ (Fancelli
and Nuti, 1974) and present thermal springs in the area show similar
values. Therefore, our isotopic data suggest that the parent fluids of the
travertine deposits and banded calcite veins show isotopic composition
similar to the present thermal springs. It must be further noted that the
δ18Owater values of the present precipitation in the area is about -7‰
(Rimondi et al., 2015). Thus, travertines and banded calcite veins at
Bagno Vignoni could have been deposited from meteoric-derived fluids
heated by the regional geothermal anomaly. Their uprising, of course, is
favoured by the faults-induced permeability.

Based on their positive δ13C values (Table 2) the studied calcite vein
and travertine samples are of thermogene origin using the nomen-
clature of Pentecost (2005); their δ13C values might be indicative of the
origin of CO2 sources. The use of the empirical equation of Panichi and
Tongiorgi (1976) resulted δ13CCO2 values between -7.8 and -6‰ (V-
PDB). The theoretical equation of Bottinga (1968) provided similar
δ13CCO2 values ranging between -7.1 and -5.7‰ (V-PDB) assuming
equilibrium fractionation and using the δ13C values of travertines and
the calculated Tδ47 (32 °C) of the BV 10 sample. The CO2 coming from
magmatic sources has generally very low δ13C values (from −7‰ to
−5‰; Hoefs, 1997; Kele et al., 2011), thus our calculations using both
equations might indicate a deep, mantle origin for the CO2.

5.3. Regional and seismotectonic considerations

The NE-trending faults recognised in the study area define a wide
shear zone, up to 3 km wide (Fig. 3) that is part of the transfer zone
known as the Grosseto-Pienza tectonic lineament (Fig. 2). This is one of
the first order NE-trending (Fig. 1) shear zone described for the inner
zone of the Northern Apennines; it crosses the inner zone of the belt
(Boccaletti et al., 1977; Bemporad et al., 1986; Liotta, 1991) and played
a role in controlling the Neogene geological evolution of the southern
Tuscany and the Northern Tyrrhenian Sea (Ghelardoni, 1965;
Bortolotti, 1966; Pascucci et al., 1999, 2007; Dini et al., 2008; Liotta
et al., 2015; Rosenbaum and Piana Agostinetti, 2015; Liotta and Brogi,
2020). Inland, the Grosseto-Pienza tectonic lineament consists of a
continuous morpho-structural lineament (at least 100 km long) deli-
miting, to the north, the Monte Amiata Geothermal area, and crossing
the Siena-Radicofani Basin (Fig. 2) giving rise to the “Pienza threshold”
that delimits the deeper (southern) basin, referred to as Radicofani
Basin, with respect to the shallower (northern) one, named as Siena
Basin (Liotta and Salvatorini, 1994; Liotta, 1996; Pascucci et al., 2007).

Few data are available on the setting of structures that define such a
transfer zone. Some minor structures forming the Grosseto-Pienza tec-
tonic lineament have been described in the Monte Leoni and Paganico
areas (Fig. 2), where NE-trending faults characterised by strike-slip toTa
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oblique-slip movements have been documented (Aldinucci et al., 2008;
Brogi and Fulignati, 2012). Additional data are from Pienza area within
the Radicofani Basin (Piccardi et al., 2017). The study area, located
along the Grosseto-Pienza tectonic lineament, intersects the western
shoulder of the Pliocene Basin, where it divided in its northern (Siena)
and southern (Radicofani) part (Fig. 2).

Coexistence of NE-trending, left-lateral strike- to oblique-slip faults,
and NW-trending normal faults has been documented in the outcrops of
the basin substratum (Fig. 3). Nevertheless, the Siena and Radicofani
basin ended its development during the middle Pliocene (Liotta, 1996;
Pascucci et al., 2007; Brogi, 2011), suggesting that the NW-trending
faults bounding the basin were no-more active during Quaternary.
Conversely, we have documented the Pleistocene-Holocene age for the
local NE-trending faults, implying their later/younger activity. These
structures have been active even after the development of the Pliocene
Basin. This can be once again explained considering the NE-trending
structures as belonging to the regional transfer zone, now accom-
modating extension in the easternmost sector of the chain (Fig. 1). In
this scenario, we do not exclude that some NW-trending fault segments,
nearby or within the NE-trending shear zone, were reactivated during
Quaternary, as it was the case during the travertine deposition and
fissure ridges development (Fig. 3).

This tectonic scenario agrees to (i) the structural setting docu-
mented for the Monte Amiata area (Fig. 2), where Pleistocene-Holocene
NE-trending faults influenced the volcanic centres localization and still
control the geothermal fluids circulation (Brogi and Fabbrini, 2009),
and (ii) to the tectonic framework defined for the Sarteano area (Fig. 2)
where Quaternary NE-trending faults partially reactivated the Pliocene
faults (Brogi et al., 2012).

Concerning the seismotectonics, our observations allow to confirm
that the Grosseto-Pienza tectonic lineament is affected by recent-
Present deformation, at least in the study sector. This is not in contrast
with the observation by Piccardi et al. (2017) who highlighted active/
capable faults in the surroundings of the study area. On the other hand,
low-magnitude seismicity (M < 4) is recorded along the whole Gros-
seto-Pienza tectonic lineament, (http://cnt.rm.ingv.it) and in particular
in the study area, where seismic events occurred in March 2018 nearby
Bagno Vignoni (at least 22 events, M < 3). In this view, our data add
useful information to better constrain the palaeoseismicity and neo-
tectonic activity, as well as the seismotectonic context of this part of
southern Tuscany.

6. Conclusions

Widespread long-lived (since 160 ka, at least) hydrothermal fluid
circulation and travertine deposition took place along the wide (at least

3 km) Grosseto-Pienza NE-trending tectonic lineament, active during
the development of the Neogene-Quaternary extension affecting the
inner Northern Apennines. The palaeo-temperature and the isotopic
composition of the hydrothermal fluids are similar to those of present-
day thermal springs, accounting for a common tectonic scenario
through time. This transfer zone is still active and able to produce low-
magnitude (M < 4) seismicity (Fig. 15); such a setting has an important
fallout for the seismic hazard assessment of southern Tuscany.

Travertine deposits formed from thermal springs aligned along
transfer zone-fault segments and at their intersections with NW-
trending faults. Faults permeability was guaranteed by the enhanced
damaging at the intersection with the still active NE-trending faults that
reopened the sealed fractures gaining a renewed permeability. The
study of the travertine deposits, in terms of their architectural setting,
facies distribution, ages and isotopic composition was essential for re-
constructing the activity of faults, their permeability evolution and
palaeo-fluids features. In this view, banded calcite veins offered the best
opportunity to reconstruct the interplay between faulting, permeability
evolution and fluids-flow in all geothermal areas characterised by bi-
carbonate-rich geothermal fluids. This picture underlines the role of the
travertine deposits in reconstructing the neotectonic settings in geo-
thermal areas.
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Table 3
Uranium isotopic composition and U-Th ages for the travertine deposits.

Sample 238U [234U/238U] [230Th/238U] [230Th/232Th] Age (ka) [234U/238U]initial

ID ppb activity activity activity corrected corrected

BV2 * 8.0 ± 0.5 2.829 ± 0.209 0.238 ± 0.031 56.53 ± 12.39 9.5 ± 1.3 2.879 ± 0.21
BV3 * 9.4 ± 0.9 1.585 ± 0.182 0.366 ± 0.041 3.32 ± 0.56 22.1 ± 5.2 1.634 ± 0.20
BV4 * 8.5 ± 0.5 2.691 ± 0.175 0.326 ± 0.035 4.47 ± 0.96 11.5 ± 2.9 2.759 ± 0.18
BV6 * 7.9 ± 0.6 1.779 ± 0.179 0.726 ± 0.066 3.68 ± 0.47 45.7 ± 7.4 1.910 ± 0.21
BV10 ** 18.768 ± 0.056 a 2.293 ± 0.020 a 0.2755 ± 0.0057 8.2 ± 0.4 12.6 ± 0.7 2.340 ± 0.021
BV11 ** 19.614 ± 0.052 a 2.271 ± 0.026 a 0.414 ± 0.017 2.99 ± 0.12 16.6 ± 2.7 2.333 ± 0.032
BV12 ** 26.421 ± 0.038 a 2.264 ± 0.010 a 0.699 ± 0.050 0.935 ± 0.070 9.5 ± 1.8 2.30 ± 0.11
BV13 ** 9.521 ± 0.020 a 1.987 ± 0.012 a 1.713 ± 0.031 9.33 ± 0.17 160.6 ± 6.6 2.553 ± 0.051
BV15 ** 21.394 ± 0.036 a 2.439 ± 0.010 a 0.3151 ± 0.0047 16.79 ± 0.29 14.3 ± 0.4 2.498 ± 0.011
BV16 ** 13.049 ± 0.023 a 2.344 ± 0.014 a 0.4752 ± 0.0064 18.41 ± 0.28 23.3 ± 0.6 2.436 ± 0.015

* α-counting; ** MC-ICPMS, chemistry was performed on December 28th, 2013 (Shen et al., 2003), and instrumental analysis on MC-ICP-MS (Shen et al., 2012).
Analytical errors are 2σ of the mean. Decay constants used to calculate activity ratios are available in Cheng et al., 2013.
a[238U] = [235U] x 137.818 (±0.65‰) (Hiess et al., 2019).
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