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a b s t r a c t
Montecchio cave (Grosseto province, Tuscany, Italy) opens at 320 m asl, in a small outcrop of Jurassic limestone
(Calcare Massiccio Fm.), close to the Albegna river. This area is characterised by the presence of several thermal
springs and the outcropping of travertine deposits at different altitudes. The Montecchio cave, with passage
length development of over 1700 m, is characterised by the presence of several sub-horizontal passages and
many medium- and small-scale morphologies indicative of sulphuric acid speleogenesis (SAS). The thermal
aquifer is intercepted at a depth of about 100 m below the entrance: the water temperature exceeds 30 °C and
sulphate content is over 1300 mg l−1. The cave hosts large gypsum deposits from 40 to 100 m below the entrance
that are by-products of the reaction between sulphuric acid and the carbonate host rock. The lower part of the
cave hosts over 1 m thick calcite cave raft deposits, which are evidence of long-standing, probably thermal,
water in an evaporative environment related to signiﬁcant air currents.
Sulphur isotopes of gypsum have negative δ34S values (from −28.3 to −24.2‰), typical of SAS. Calcite cave rafts
and speleogenetic gypsum both yield young U/Th ages varying from 68.5 ka to 2 ka BP, indicating a rapid phase of
dewatering followed by gypsum precipitation in aerate environment. This fast water table lowering is related to a
rapid incision of the nearby Albegna river, and was followed by a 20–30 m ﬂuctuation of the thermal water table,
as recorded in the calcite raft deposits and gypsum crusts.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The evolution of a cave is usually strictly related to the geomorphic
evolution of the landscape and, particularly, to the lowering of the
local base level, the rate of which controls speleogenesis at or below
the water table (White, 2009; Piccini, 2011a; Audra and Palmer,
2013). As a result, ancient phreatic and epiphreatic passages are often
concentrated in some precise elevation ranges formed during a
prolonged stability of the water table position inside a karst system
(Palmer, 1987). In this sense a cave system can be regarded as a sort
of precise proxy of incision rates (Marianelli and Piccini, 2011). The
main problem is that the origin of caves cannot be dated with certainty,
because the phreatic stage commonly does not produce datable
sediments.
⁎ Corresponding author. Tel.: +39 0552757522; fax: +39 055218628.
E-mail addresses: leonardo.piccini@uniﬁ.it (L. Piccini), jo.dewaele@unibo.it (J. De
Waele), gallier@unimore.it (E. Galli), polyak@unm.edu, asmerom@unm.edu (V.J. Polyak),
stefano.bernasconi@erdw.ethz.ch (S.M. Bernasconi).

Dating of vadose calcite speleothems is a common way to constrain
the age of a cave, but this method only produces a minimum age
(Wildberger et al., 2010; Piccini, 2011a). Recently, alluvial sediments,
often related to the epiphreatic–vadose transition, have been directly
dated through the decay time of cosmogenic isotopes indicating that
the time frame separating speleogenesis from speleothem precipitation
can be very long (Anthony and Granger, 2007; De Waele et al., 2012).
This is true for almost all epigenic caves, formed by the gravitational
ﬂow of meteoric waters.
Hypogenic caves, which are formed by deep waters enriched
with endogenic ﬂuids containing signiﬁcant amounts of CO2 and H2S
(Palmer, 2013), can conversely contain speleogenetic (by-product)
materials formed during the phreatic and epiphreatic stage of hypogenic speleogenesis (Klimchouk, 2007; De Waele and Piccini, 2008;
Klimchouk, 2009; Leel-Ossy et al., 2011). Some of these are chemical
sediments in the form of speleothem types such as cave mammillaries,
rafts and folia and have been already used to identify palaeo-water
tables and incision rates of the Colorado River in Grand Canyon, Arizona,
and Glenwood Canyon, Colorado USA (Polyak et al., 2008, 2013).
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Calcite raft deposits are a common formation in hypogenic caves and
are formed just at the water surface in well-aerated passages (Leel-Ossy
et al., 2011; D'Angeli et al., 2014). H2S-enriched waters, conversely, produce gypsum crusts a few metres above the water level (Galdenzi and
Menichetti, 1995; Galdenzi and Maruoka, 2003).
Furthermore, the water table of hypogenic caves is usually not affected by relevant short-term (daily or seasonal) ﬂuctuations, because
these kinds of caves are not fed primarily by direct inﬁltration of meteoric waters. Because hypogenic caves contain by-products of their origin, these caves can be more reliable for dating the lowering rate of
the local water table and can consequently be very useful for geomorphic reconstructions.
The Montecchio cave (Tuscan caves register number T/GR 245) is a
hypogenic cave located in southern Tuscany formed by dissolution processes due to rising thermal sulphate-rich waters. The entrance was
discovered by cavers of the Gruppo Speleologico Maremmano who explored the main pathway up to 80 m of depth (Guerrini, 1960). Afterwards, several new branches were discovered, bringing the surveyed
length of the cave to 1.7 km and showing the system to be developed
on different levels (Guerrini, 1985). Recently, new explorations of the
Società Naturalistica Speleologica Maremmana have allowed reaching
the thermal water level, at about 100 m depth below the cave entrance,
in a branch of the cave that we interpret to be still actively enlarging
(Bartolini, 2004, 2007; Telloli and Bartolini, 2007).
In this study, the cave was investigated from a morphological, mineralogical and geochemical point of view in order to recognise the spatial and temporal relationships between speleogenesis and the local
base level ﬂuctuation. Furthermore, dating of speleothems provides
some consistent chronological constraints that provide new data that
have a relevant interest to understand the link between magmaticinduced uplift, river network evolution and speleogenesis.

2. Study area
Southern Tuscany displays several karst areas in prevalently Mesozoic carbonate rocks heterogeneously distributed (Fig. 1) (Piccini,
2001).
The Montecchio karst area, located about 33 km ESE of Grosseto, is
one of the smallest of the whole Tuscany but shows underground
karst phenomena of considerable speleogenetic interest. The geological
sketch map (Fig. 2) shows a carbonate outcrop of about 0.5 km2 that
consists mainly of massive Jurassic limestone (Calcare Massiccio,
Upper Hettangian) and well-bedded cherty limestone (Calcare Selcifero
di Limano, Lias), locally covered by marls (Marne a Posidonia, Upper
Lias–Dogger), jasper (Diaspri, Malm) and shales (Scaglia Toscana,
Lower Cretaceous–Paleogene), belonging to the “Tuscan Nappe” tectonic unit (Bonazzi et al., 1992), and laterally conﬁned by clayey and marly,
low permeable sediments (Santa Fiora Formation, Upper Cretaceous–
Paleocene). Limestone layers dip regularly to the NE with inclinations
between 30 and 50° (Bartolini, 2007).
The entire Southern Tuscany area was affected by a complex geological evolution during Plio-Pleistocene due to volcanic-induced tectonics
and differential uplift (Barberi et al., 1994). Marine Pliocene deposits are
now present up to 600 m asl, testifying to a considerable regional and
crustal-scale uplift since Middle Pliocene (Piacenzian). Middle Pleistocene uplift events are represented by the altitudinal and morphological
position of ancient travertine deposits (e.g., at Semproniano village) and
are due to the bulging induced by the intrusion of magmatic bodies
which precede the volcanic activity of Mount Amiata and Vulsini Mountains (Barberi et al., 1994). Late Pleistocene uplift is ﬁnally testiﬁed by
some alluvial terraces located at different altitudes along the Albegna
valley slopes. In the area, there are several travertine deposits located
at different elevations along the Albegna river. Presently forming thermal travertine can be found 2 km to the South of Montecchio, fed by
the Saturnia springs.

From a hydrogeological point of view, the karst area of Montecchio is
laterally conﬁned by clayey and marly low permeable sediments (Fig. 2)
but the limestone is cut by the Albegna river that forms a canyon along a
tectonic alignment on the East side. This determines a close hydrogeological relationship between the thermal aquifer and the water
level in the river.
3. Materials and methods
A geomorphological study of the area allowed us to map the low gradient surfaces (sensu Piccini and Iandelli, 2011), mainly corresponding
to alluvial terraces and travertine outcrops, and their altitude with respect to present sea level and the nearby river incisions. Topographical
vectorial maps in 1:10,000 scale of the Tuscany Region were used.
The cave morphology was newly investigated in order to recognise
dissolution features due to sulphuric acid speleogenesis (SAS) and to
precisely locate the secondary mineral deposits. The existing cave proﬁle was vectorised and analysed in order to precisely identify the
main levels of cave passage development (Piccini, 2011b). The analysis
has been performed with the software Compass (Fish, 2002) which was
speciﬁcally designed for speleological purposes.
Water of the thermal aquifer (ﬁnal lakes at −100 m below the cave
entrance) was collected in May 2010 and analysed for elemental concentrations. The chemical and physical parameters (pH, temperature
and electric conductivity) were measured in situ with a Combo Hanna
portable instrument. 250 ml of untreated water and 100 ml of ﬁltered
water (0.45 μm ﬁlter), to which 1 ml of 65% HNO3 was added, were
analysed at the University of Bologna with a double ray Atomic Adsorption Spectrometer Thermo S for the cations and an Ionic Chromatograph
Metrohm 881 IC Pro for the main anions. NH4 was analysed with a
portable single ray Spectrometer Hack DR 2010, while alkalinity was obtained by an acidimetric titration, both within one day from sampling.
Samples of bedrock mineralisation and cave chemical deposits
(speleothems and secondary minerals) were collected in two occasions
and studied with different techniques (see Table 1 for description and
Fig. 3 for location). The powders of minerals have been analysed at
Modena and Reggio Emilia University with an X-ray diffractometer
Philips PW 1050/25 and, in some cases, where material was insufﬁcient
or heterogeneous, in a single crystal Gandolﬁ chamber (Ø: 114.6 mm,
exposition: 24/48 h) (experimental conditions 40 kV and 20 mA tube,
CuKα Ni ﬁltered radiation λ = 1.5418 Å).
Three samples of gypsum were analysed for sulphur stable isotopes
at the ETH Zurich. The samples were wrapped in tin capsules with V2O5
and converted into SO2 in a Thermo Fisher Flash-EA 1112 coupled with a
Conﬂo IV, interfaced to a Thermo Fisher Delta V Isotope Ratio Mass
Spectrometer (IRMS). Isotope ratios are reported in the conventional
δ-notation with respect to V-CDT (Vienna Cañon Diablo Troilite),
where:
34

δ Ssample−CDT ¼

h

34


.h

i
32
34
32
S= S sample
S= S CDT−1 1000‰:

The method was calibrated with the reference materials NBS 127
(δ34S = +21.1), SO5 (δ34S = +0.49) and SO6 (δ34S = −34.05). Measurement reproducibility based on the repeated analysis of an internal
standard was better than 0.3‰.
Two samples of travertine were collected in a deposit located along
the Albegna river valley where it crosses the limestone area (Fig. 2).
Uranium-series analyses of gypsum crust and calcite raft samples
from the cave, and travertine samples from Albegna Valley were used
to obtain uranium-series ages. These ages potentially can be used to
constrain the timing of speleogenesis responsible for deposition of the
crusts, rafts, and travertine, and reconstruct the more recent incision
history in the Albegna canyon. The uranium-series methods used
were after Asmerom et al. (2010). 60–250 mg of powder was dissolved
in 15 N HNO3, spiked with a mixed solution of 229Th, 233U, and 236U, and
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Fig. 1. General sketch map of southern Tuscany, showing major outcrops of limestone (karst areas), volcanic products, travertine, the location of main thermal springs and Montecchio cave.

ﬂuxed at low heat for an hour. The sub-samples were dissolved in 7 N
HNO3 and loaded into anion resin columns where the uranium and
thorium were separated. The separates were introduced into a Thermo
Neptune multicollector ICP-MS in a 3% HNO3 solution.
4. Results
4.1. Geomorphic and depositional surface features
Surface morphology of the region surrounding the Montecchio karst
area shows the presence of some surfaces with a low gradient topography, usually corresponding to depositional features such as travertine or
alluvial terraces (Fig. 4). In the nearby valley, where the Albegna river
cuts the limestone canyon, a recent alluvial terrace occurs at 224–
226 m asl, which is a few metres above the present river bed and the
thermal water table in the cave. In the same valley segment a narrow

thermal travertine deposit, with pockets of alluvial pebbles, occurs at
240–250 m asl covering the limestone slope debris of the NE side of
Montecchio hill; its altitude corresponds to that of the main horizontal
cave level. This deposit precedes the lower and recent alluvial deposition phase and so can be genetically related to a second-order alluvial
terrace that occurs at 220–230 m asl, 2–3 km downstream along the
Albegna river valley, which is due to an important previous deposition
phase.
Some kilometres south of Montecchio karst area, wide travertine deposits occur. The largest is located along the Albegna valley at elevation
ranging from 190 to 265 m asl but with a planar surface that can be related to the top surface at 225–230 m asl of the second-order alluvial
terraces (Fig. 4). A relevant and probably older, travertine deposit
is found 1 km further south; it lies between 260 and 300 m asl and
shows a regular summit plane at 280–295 m asl, where the village of
Saturnia is located.
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Fig. 2. Geological sketch map of Montecchio limestone area.

4.2. Cave geomorphology
The entrance to Montecchio Cave is located at an elevation of
320 m asl, on the W slope of a small hill, close to the Albegna river valley,
just a few kilometres SW of Semproniano village. The entrance is only a
few metres below the base of the cherty limestone, whereas the underground passages develop mainly in the Jurassic Calcare Massiccio formation and calcareous syndepositional breccias.
The cave begins with a 5 m deep vertical shaft, accidentally created
by the surface interception of a rounded, sub-spherical void that
shows the presence of solution cupola on the walls and ceiling. A
NW–SE oriented pit allows access further downwards to the NW
along narrow passages until a wider pit is encountered. Toward the SE
the cave continues with a 40 m deep shaft, where the upper gypsum
deposits can be found in some lateral benches, approximately 40 m
below the cave entrance and 60 m above the present thermal water
pool. At the base of the shaft it is possible to descend in between some
big boulders, and enter a ﬁrst level of regular conduits that develop

toward the NW. From these conduits a lower passage, rich in secondary
gypsum speleothems, can be accessed a few metres below.
On the S, going down a 10 m shaft, a 20 m wide room whose ﬂoor is
covered with white gypsum is found. After another small drop, another
lower lying level is reached, along which most of the cave is developed.
From here on, a maze network of conduits, of an average diameter of 1–
2 m, branches in many directions, locally joining and forming wide but
low chambers. These small passages cut themselves at right angles and
appear to be developed along some sets of vertical fractures (NW–SE, E–
W, and N–S).
In the bigger rooms the ﬂoors are covered by calcite raft deposits,
locally dissolved by neo-inﬁltrating waters or characterised by collapse
depressions. One of these collapses, which has been dug recently by
cavers, allowed access to the lowest branches of the cave where the thermal water is present, about 100 m below the entrance (Telloli and
Bartolini, 2007); this water had a temperature of 31 °C (May 19th 2010).
The analysis of the general shape of the cave, the mineral associations and the discovery of the thermal sulphuric water, unmistakably

Table 1
Samples description.
Sample

Type

Material

Description

Elevation (m asl)

MT-1
MT-2
MT-3
MT-4
MT-5
MT-6
MT-7
MT-8
MT-9
MT-10
MT-100
MT-101
MT-102
MC-10
MTC-10

Alteration deposit
Nodule
Raft deposit
Raft deposit
Decantation deposit
Alteration dep.
Bubble
Parietal crust
Mineral
Mineral
Parietal crust
Raft deposit
Parietal crust
Chemical deposit
Chemical deposit

Quartz, illite, alunite, chlorite, calcite
Goethite, quartz, bohmite
Calcite
Calcite
Quartz, illite, chlorite, kaolinite, hematite, jarosite
Jarosite, quartz, alunite
Gypsum
Gypsum
Goethite, quartz
Goethite, hematite
Gypsum
Calcite
Gypsum
Travertine
Travertine

Grey, soft clayey deposits
Reddish nodule in bedrock
Laminated deposit of raft calcite
Porous, laminated raft calcite
Reddish clay
Yellowish earthy powder
Broken bubble on the ﬂoor
Cm thick crust covering the cave wall
Black “metallic” mineral in bedrock
Reddish crust
Cm thick crust on cave wall
Laminated porous deposit
Dm thick crust on cave wall
Travertine deposit in Albegna river
Travertine deposit in Albegna river

248
245
248
248
246
246
245
221
247
250
230
232
262
245
245
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Fig. 3. Extended proﬁle of Montecchio cave with location of water, rock and speleothem samples.
Survey by Gruppo Speleologio Maremmano, from Bartolini (2004).

Fig. 4. Geological sketch of the middle sector of Albegna valley showing the altimetry ranges of travertine occurrences.
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show the cave to be formed by hypogenic speleogenesis. The waters
enriched in sulphuric acid that dissolved the limestone came from
below through a series of fractures.
The overall pattern of the cave is a three-dimensional maze with
some evident horizontal cave levels connected by inclined or vertical
pits. The entrance is an accidental intersection of the cave with the
surface. Some typical cupola are present in different parts of the cave
(Fig. 5), related to condensation–corrosion processes.
At a smaller scale, replacement pockets (Fig. 6) are visible on the
walls and roofs of many passages, some of these centimetre-scale
holes still contain traces of gypsum. Close to the thermal water pool,
these corrosion features are hidden under a 1-cm thick gypsum crust.
Locally some winding bubble trails have been observed (Chiesi and
Forti, 1987; Audra et al., 2009), characterised by curving decimetrewide channels with a U-shaped cross-section. These channels appear
to have formed under water by the trace of CO2-bubbles that are continuously released by the thermal aquifer (De Waele and Forti, 2006).
The cave proﬁle (see Fig. 3) shows a pattern characterised by some
elevation ranges where passages were mainly formed and the morphometric analysis allows us to precisely locate these levels. The 3D model
of the cave has been analysed in order to get the elevation distribution
of voids. The graph in Fig. 7 shows the occurrence of three main levels
located at 260–262, 252–254, and 244–248 m asl. The current mean
altitude of the thermal water pools in Montecchio cave (220 m asl.)
corresponds to that of the Albegna river bed where it exits the limestone
canyon.

4.3. Mineralogy of speleothems
A total of 12 different minerals have been identiﬁed in the
Montecchio cave: alunite, goethite, bohmite, kaolinite, jarosite, hematite, gypsum, calcite, quartz, feldspar, chlorite and illite (De Waele
et al., 2013). The most important minerals, from a genetic point of
view but also for what concerns their abundance, are calcite and gypsum. Also jarosite, occurring as violet-reddish coatings and materials
ﬁlling some fractures, is widespread. Unfortunately, the alunite is
present in small quantities and is poorly crystallised and does not
allow using this mineral for an exact dating of the active sulphuric
acid enlargement phase, as has been done in other caves (Polyak et al.,
1998; Plan et al., 2012; Temovski et al., 2013).
Gypsum has been found from 40 m below the cave entrance up to
the thermal water table at −100 m. This mineral often forms “sugary”
white crusts and deposits ﬁlling pockets or covering entire cave ﬂoors,
locally displaying blisters and tubular formations probably due to the
rising of warm air. Immediately above the thermal water pool, gypsum
forms a yellowish crust composed of crystals up to 1 cm long.

Fig. 6. Gypsum replacement pockets.

Calcite, instead, has been found in the form of thin plates and ﬂakes
(cave rafts) resting one above the other and forming up to one metre
thick deposits. These calcite raft crystals have been formed on the
surface of water bodies, under strongly evaporative conditions (LeelOssy et al., 2011). These secondary calcite deposits show signs of acid
attack that have produced gypsum crusts (Fig. 8).
4.4. Water chemistry
Chemical analyses on the thermal water sampled in the aquifer surfacing in the cave, together with those reported from two thermal
springs in the study area (Saturnia and Caldina springs), are reported
in Table 2. Temperatures of these waters range between 31.3 and
36.0 °C, while pH is always slightly acidic. All have high sulphate contents greater than 1300 g l− 1, but only the Montecchio waters have
−1
NO−
.
3 values greater than 5 mg l
4.5. Sulphur stable isotope signature in gypsum
Sulphur isotopes of gypsum have negative δ34S values (ranging
from − 24.2‰ to − 28.3‰). These low values have also been
observed in other gypsum speleothems of SAS caves such as
Lechuguilla (New Mexico) (Hill, 1987), Frasassi (Galdenzi and
Maruoka, 2003), and Cueva de Villa Luz (Hose et al., 2000)
(Table 3). These very low values can be regarded as typical of SAS
in sulphur-rich carbonates (Onac et al., 2011). In the Montecchio
area, the δ34S of possible sources of SO2−
would be approximately
4
between + 15 and + 23‰ from dissolution of Triassic evaporites
and between − 15 and + 4‰ from oxidation of pyrite disseminated
in the host rocks (Cortecci et al., 1983, 2002; Cinti et al., 2011). The
very low δ 34 S values are not consistent with a source of sulphur
from direct dissolution of Triassic sulphates. Thus, the strong 34Sdepletion is likely related to the fact that the sulphate is derived
from the oxidation of sedimentary pyrite which was formed by microbial sulphate reduction. Usually, Triassic limestone and dolostone
and basement rocks of the Tuscan tectonic unit contain a signiﬁcant
percentage of pyrite with a negative δ34S, whereas sulphide ore bodies often located at the contact between Triassic carbonates and the
Palaeozoic basement have a positive δ34 S (Cortecci et al., 1983).
Sulphate reducing microorganisms produce sulphide that has a
δ34 S that is up to 70‰ lighter than the original sulphate (Brunner
and Bernasconi, 2005).
4.6. U/Th dating of speleothems and travertine deposits

Fig. 5. Rounded passages with ceiling cupolas.

Uranium-series ages (Table 4) for three samples of gypsum and
two samples of calcite rafts collected in the lower part of the cave are
all latest Pleistocene in age (68.5 ± 0.7 to 19.5 ± 0.9 ka BP), with the
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Fig. 7. Altimetry of cave passages showing the occurrence of a main level of horizontal passages at 244–248 m asl.

exception of sample MT-7, which yielded a late Holocene age of 2.03 ±
0.05 ka BP. A gypsum sample collected in the upper part of the cave did
not give an age probably due to leaching or alteration of gypsum that is
older. Evidence for alteration is shown on the evolution curve in Fig. 9
(sample MT-102). Given that the calcite rafts and gypsum crusts are
speleogenetic products that formed near the water table, the minimum
timing of a level of speleogenesis is deﬁned by these U-series dates at
~69 ka BP.
Five sub-samples from two different pieces of travertine from the
Albegna river near the cave all contained too little U and too much detrital Th to obtain reliable ages. The travertine samples are MC-10 and
MTC-10 in Table 4. The three sub-samples from MTC-10 yielded ages
that are considered unreliable, but probably reﬂect an age that is less
than 106 ± 12 ka BP (sub-sample interpreted to have the least amount
of U-loss). This is indicated by a U-loss trend on the uranium evolution
curve in Fig. 9 generated using ISOPLOT (Ludwig, 2001). MTC-10a, b,
and c were sampled from the same layer, yet all three give different
ages and do not produce an isochronal age. The evolution curve ﬁgure
shows that they fall along a line that would be consistent with loss of
uranium. Given that thorium has not been leached, and that these samples should have roughly the same amount of uranium before leaching
(30 ppb brings all three ages within error of each other), all three (MTC-

10a = 58.9 ± 8.7 ka BP; MTC-10b = 57.1 ± 9.9 ka BP; and MTC-10c =
35.8 ± 6.3 ka BP) generate a weighted average age of ~ 46 ± 10 ka,
which might be reasonable for the age of the travertine deposit.
The dating of calcite rafts gives the age of precipitation at water level
due to evaporation in an aerate environment. Sample MT-3, collected at
an elevation of 246 m asl, is younger than sample MT-101, collected at
an elevation of about 230 m asl. MT-101 is only 10 m above the present
water table. If the raft deposits reﬂect the water table, this could imply a
ﬂuctuation of the water table due to a 16 m temporary rise in base level
between 69 and 55 ka BP. It could also indicate that the higher pool
basin was perched above the water table.
5. Discussion
5.1. Mineralogy
Many minerals found in Montecchio cave are genetically related to
SAS and derived from the reaction between host rock and sulphuric
acid. The vapours of H2S from the thermal aquifer are re-dissolved in
condensation waters on the cave walls and oxidise giving rise to the formation of sulphuric acid. This strong acid immediately reacts with the
carbonate rock forming small replacement pockets and gypsum that
coats the walls (Audra et al., 2010; Calaforra and De Waele, 2011; Plan
et al., 2012). This substitution process mainly takes place above the
water level, in an oxygen-rich environment (Galdenzi and Maruoka,
2003). When the sulphuric acid reacts with other minerals, a different
set of sulphates, such as jarosite and alunite, or typical acid-related
silicates such as kaolinite, are precipitated.
5.2. Cave water

Fig. 8. Calcite rafts deposit (yellow) partially covered by gypsum (white) (the small tripod
for scale is 15 cm long). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

The geochemistry of the water shows a calcium sulphate imprint
that probably derives from limestone dissolution by water enriched in
H2SO4 derived from sulphide oxidation, and not from the occurrence
in the aquifer of the Burano Formation anhydrites at depth as previously
suggested (Bonazzi et al., 1992). The high temperatures, conﬁrm that
water comes from depth with possibly a small contribution of local
surface seepage and runoff waters testiﬁed by the nitrate content that
is one order higher than that of the two major thermal springs of the
area (Table 1), while an important direct feeding from the Albegna
river seems to be excluded.
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Table 2
Chemical analysis of the water in the thermal pool of Montecchio Cave and those in the Saturnia and Caldine springs. All values are expressed in ppm.
Location

T (°C)

pH

Na+

K+

Ca2+

Mg2+

HCO−
3

Cl−

NO−
3

SO2−
4

NH+
4

Montecchio
Caldinea
Saturniaa

31.3
35.0
36.0

6.86
6.15
6.01

16.54
80.0
78.5

1.61
10.1
9.4

556.2
523.0
522.0

37.1
114.0
126.0

189.1
596.7
678.1

18.8
71.2
69.0

5.32
0.49
0.14

1312.9
1382.3
1412.1

0.01
23.1
25.6

a

Data from Dipartimento di Scienze della Terra, Florence, 2010.

Table 3
Sulphur isotopes of gypsum and jarosite expressed as δ34S values of some
speleothems of Montecchio Cave (MT) compared with other SAS caves in
the world.
Cave/sample

δ34S ‰

Montecchio: MT-6 (jarosite)
Montecchio: MT-7 (gypsum)
Montecchio: MT-8 (gypsum)
Lechuguilla (USA)a
Frasassi (Italy)a
Villa Luz (Mexico)a

−24.2‰
−25.6‰
−28.3‰
−26‰
−8/−20‰
−23‰

a

Data from literature, see text for references.

Comparing Montecchio Cave waters to those surfacing at Caldine
and Saturnia thermal springs (see Table 2) it is evident that the calcium
and sulphate contents are similar, but Mg and HCO3 are much lower in
the cave, and also K and Na contents are quite different. These chemical
features clearly show that these waters, although probably belonging to
the same regional hydrothermal system fed from the Mt. Amiata reservoir (Duchi et al, 1987; Minissale et al., 1997), come in contact with different rocks in depth. In particular, the Caldine and Saturnia aquifers
probably contain some dolostone levels that are crossed by waters
before surfacing at the springs. In short, although some similarities are
evident, the water of Montecchio cave appears to be quite different
from those surfacing at Caldine and Saturnia thermal springs, which
are actually fed through a deep circuit in limestone.

5.3. Cave evolution and chronology
Chemical analysis of water, mineralogical and petrographic analysis,
stable isotopes and many morphological features indicate that
Montecchio Cave was formed by hypogenic speleogenesis due ﬁrst to
thermal rising water and then through corrosion processes in aerate environments by sulphuric acid enriched vapours. The water-ﬁlled stage is
certainly prior to the incision of the Albegna valley (canyon), whereas
the aerate stage followed the river incision.
The geomorphic analysis of the cave reveals the occurrence of some
horizontal levels that can be related to the lowering phases of the local
water table. The nature of the rock (massive limestone) and the inclination of the bedding (from 20–25° to 40–50° NE) exclude that the cave
levels can be due to lithological and structural factors.

Excluding some short horizontal passages just a few metres below
the entrance, two minor horizontal levels are located at 260–262 and
252–254 m asl and consist of rounded passages almost completely
covered by gypsum crusts on the walls. The ﬂoor consists of gypsum,
up to some metres thick, with blister, holes and tubular formations
due to the rising of warm air. The main cave level is located at around
244–248 m asl and is formed by a rectangular maze network of low passages and wide chambers. This level has the same elevation of the linear
thermal travertine deposit in the nearby Albegna canyon to which it
could be genetically related. Short horizontal passages are located at
about 225 m asl, just a few metres above the present mean water table.
Dating of speleothems allows us to deﬁne some chronological constraints. Gypsum deposits were formed just a few metres above the
water level and do not give exact information on the dewatering phases.
However, the presence of gypsum clearly indicates that passages have
not been ﬂooded afterwards (since gypsum would have been dissolved
easily).
According to the ages obtained, we can conﬁdently assert that the
cave was formed by ascending waters and then progressively and
completely emptied before 68 ka BP. This dewatering phase is a consequence of the incision of the Albegna river through the limestone
structure.
Successively, the water table rose up to about 245 m asl and
remained relatively stable forming the major level of horizontal
passages. During this speleogenetic stage (about 55 ka BP), calcite
rafts precipitated as a travertine-type deposit. Before 30 ka BP the
Albegna river incised another 20 m, hence the water table was lowered
reaching the present elevation and since then remained relatively
stable. Presently, the thermal water table is affected by seasonal ﬂuctuations of 3–4 m of amplitude.
Travertine deposits located along the upper Albegna valley and in
the surrounding areas, indicate a long and polycyclic hydrothermal
outﬂow at different locations fed by thermal springs.

5.4. Relationships between speleogenesis, travertine deposits and
river incision
The thermal deep circulation in this area is probably linked to the
volcanic activity of Monte Amiata, North of the area, and possibly of
Monti Vulsini located South (Duchi et al., 1987; Barberi et al., 1994;
Minissale et al., 1997). According to the dating of Amiata and Vulsini

Table 4
Uranium-series data for samples from Montecchio cave (Italy).
Sample

238

MT-3 (calcite raft)
MT-7 (gypsum)
MT-8 (gypsum)
MT-100 (gypsum)
MT-101 (calcite raft)
MT-102 (gypsum)
MC-10 top (travertine)
MC-10 bottom (travertine)
MTC-10a (travertine)
MTC-10b (travertine)
MTC-10c (travertine)

120.4
1190.8
32.2
61.0
1624.0
13.9
22.8
22.1
12.6
15.2
14.3

U (ppb)
±
±
±
±
±
±
±
±
±
±
±

0.3
2.8
0.1
0.1
3.8
0.1
0.1
0.1
0.0
0.0
0.1

232

Th (ppt)

15333
9823
2691
4862
106559
5031
75174
77925
15824
17880
11857

±
±
±
±
±
±
±
±
±
±
±

51
44
48
61
271
105
178
192
162
105
102

230

Th/232Th

15.71
16.66
12.48
9.51
37.36
35.45
2.25
2.13
4.29
4.16
4.56

±
±
±
±
±
±
±
±
±
±
±

0.07
0.10
0.31
0.19
0.15
0.77
0.01
0.01
0.05
0.03
0.05

230

Th/238U

0.6546
0.0450
0.3413
0.2482
0.8021
4.1893
2.4192
2.4565
1.7641
1.6006
1.2363

±
±
±
±
±
±
±
±
±
±
±

0.0026
0.0002
0.0059
0.0038
0.0031
0.0340
0.0124
0.0144
0.0103
0.0099
0.0115

δ234Um
556
1327
346
398
643
−443
−71
−57
641
643
651

±
±
±
±
±
±
±
±
±
±
±

δ234Ul
1
2
3
2
2
6
3
3
5
4
6

650
1355
377
421
780

±
±
±
±
±

3
2
4
3
2

1497 ± 73
1132 ± 52
879 ± 32

Uncorr. age

Age (yr BP)

57.46
2.13
31.55
21.15
69.57

55.20
2.036
29.77
19.50
68.49

±
±
±
±
±

0.30
0.01
0.63
0.36
0.37

330.1 ± 10.7
233.4 ± 4.6
132.2 ± 2.4

±
±
±
±
±

1.16
0.05
1.08
0.89
0.65

300.4 ± 16.7
200.4 ± 15.9
106.4 ± 12.4

Corrected ages use a calculated initial 230Th/232Th atomic ratio 4.4 ppm ± 50%. Years before present = yr BP, where present is AD 2013. All errors are absolute 2 s. Subsample sizes range
from 60 to 250 mg. MT = samples from the cave, where MC and MTC are samples of travertine deposits in the Albegna valley.
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and before the incision of the Albegna river canyon through the limestone structure.
Another large plate of travertine is located in the present Albegna
valley, just 3 km south of Montecchio hill at an elevation of 190–
265 m asl. The deposit is correlated with alluvial terraces along the
present ﬂow pattern of Albegna river, with top-depositional surfaces
at 220–230 m asl, which testify an important phase of deposition and
a temporary rising of the local base-level (Bosi et al., 1996).
A small thermal travertine deposit is located just along the Albegna
canyon, where it cuts across the carbonate structure of Montecchio.
The deposit has the shape of a long (about 700 m) and narrow terrace
along the right (western) slope of the valley. The top surface of this
travertine deposit is located at an elevation of 240–250 m asl, around
20 m above the present river bed. Dating indicates an age younger
than 106 ± 12 ka and probably ~46 ± 10 ka. The elevation of this travertine belt corresponds to that of some alluvial terraces and to that of
the main level in Montecchio cave.
Presently, travertine is forming at an elevation of 135–156 m asl
downstream of the Saturnia spring.
Fig. 9. Uranium evolution curve of the Montecchio samples.

6. Conclusions

volcanic deposits, the hydrothermal activity could have begun in the
Middle Pleistocene (300–200 ka BP).
The highest and oldest travertine deposit is located near Semproniano
village (Fig. 10) at an elevation between 490 and 700 m asl. The morphological position and the sedimentological features of this travertine
plate, indicate its formation before the incision of the Albegna valley.
This travertine deposit lies on marine Pliocene deposits with a contact
surface that is about 3–4° inclined toward the South and is cut by a
NE–SW fault: it was thus affected by tectonics, tilting and uplift. No dating is available for this travertine deposit but faulting and tilting could
probably be related to the local uplift due to the bulging of the Mt.
Amiata magmatic chamber that appears to have happened in Middle
Pleistocene (Barberi et al., 1994; Bosi et al., 1996).
Another travertine plate is located around the Saturnia village, at an
elevation of 260–300 m asl (Fig. 10). This deposit occupies an old
morphological depression, which now appears as a morphological
high due to a relief inversion process. This travertine plate is reasonably
much younger than the Semproniano travertine, but might have
formed when the palaeo-hydrography was quite different from now

The general shape of Montecchio Cave, its meso- and micromorphology and the presence of a typical suite of secondary minerals, clearly
show its sulphuric acid speleogenesis. Gypsum deposits mostly develop
in aerate conditions, by condensation waters and H2S oxidation and
consequent replacement of calcite with gypsum, while calcite rafts
develop at the surface of the thermal pools, at the water level. Both deposits can help in reconstructing the water table variations through
time.
Although a direct connection between Albegna river and the thermal
water pool in the cave is presently excluded, based on the chemistry and
the high temperature of the cave waters, we propose that the ﬂuvial
canyon incision most probably has caused the thermal aquifer lowering.
The thermal pool is obviously fed by a deep aquifer with a rather distant
recharge area and a relatively deep ﬂow to justify its high temperature.
The cave system, that otherwise was conﬁned downwards by
less permeable rocks, has followed the base level lowering only
since the Albegna river has started entrenching the carbonate structure. The cave levels correspond to thermal water stillstands, and
these are the direct consequence of the evolution of the local ﬂuvial
landscape.

Fig. 10. Synoptic proﬁle with geomorphic elements useful for speleogenetic interpretation of Montecchio cave. See Fig. 3 and Table 4 for location of dated samples inside the cave.
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According to this evolution of hypogenic speleogenesis and considering the morphological features of this sector of the Albegna river
some geomorphic evolution steps can be inferred.
1) Pre-incision continental deposition phase leading to the formation of
travertine deposits (lacustrine?), elev. 490–702 m asl (Early–Middle
Pleistocene, N300 ka).
2) Waterﬁlled-hypogenic speleogenesis, due to rising of thermal
waters, could be related to the volcanic activity of Mt. Amiata and/
or Mts. Vulsini (both with an age of 300–200 ka).
3) Albegna river incision phase, Middle–Late Pleistocene, was probably
induced by local uplift due to the Mt. Amiata bulging. Selective
erosion shapes the relief forming a hilly landscape and changing
the hydrographic pattern.
4) Aerate-hypogenic phase. Formation of calcite raft deposits (around
69–55 ka), which could be related to the water-table speleogenetic
evolution of the cave level at around 245 m asl and formation of
the intra-valley thermal travertine terrace (~46 ± 10 ka).
5) Second incision phase of Albegna river which cuts the travertine
terrace at 240 m asl and 20 m lowering of the thermal water table
(Holocene?).
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