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S U M M A R Y
In this work, the gravity anomaly signal beneath Mount Amiata and its surroundings have
been analysed to reconstruct the subsurface setting. In particular, the work focuses on the
investigation of the geological bodies responsible for the Bouguer gravity minimum observed
in this area.

Different approaches for understanding the Bouguer gravity anomaly source distribution,
including the calculation of the first vertical derivative of the gravity signal, the estimation of
the depth source using power spectrum analysis and the pseudo-3-D forward modeling, have
been considered. The gravity data employed were acquired from different institutions ENI,
OGS, USDMA and Servizio Geologico d’Italia and collected in a unique data set kindly made
available by ENI. It comes from about 50 000 stations, randomly distributed, which cover
Central Italy, with a spacing of less than 1 km.

We dedicated an active effort in:

(1) Defining the stratigraphic model (i.e. definition of the primary lithomechanical layers
within the sedimentary cover and the upper crust).

(2) Calculation of a new data set of density data derived from the velocity data collected by
active seismic surveys.

(3) Integration of stratigraphy, literature and new data in a comprehensive model.

The results of this study depict a body, with a density of 2.35 g cm−3, representing the
remnant magmatic chamber of Mount Amiata, which is responsible of the observed gravimetric
minimum. The top of the magmatic body is upward-convex, dislocated at a depth comprised
between 4.5 (beneath the volcano) and 7.5 km (in the peripheral zones) and draped by 2 km
thick, highly fractured hard rocks that could represent the fractured aureole of the magmatic
body itself. The 3-D modeling also defines the geometry of the Neogene Radicofani basin,
close to the eastern flank of the Mount Amiata and is imaged as a bowl-shaped basin with an
average depth of about 1500 m, and a maximum depth of about 2000 m reached towards north.

Key words: Gravity anomalies and Earth structure; Heat flow; Hydrothermal systems; Pluton
emplacement.

1 I N T RO D U C T I O N

The Middle Pleistocene Mount Amiata volcano (0.3–0.2 Ma) rep-
resents the most recent Tuscan Magmatic Province (TMP) volcanic
activity (Peccerillo 2005; Brogi 2008a; Frondini et al. 2009) and is
considered a hybrid volcano between TMP and Roman Magmatic
Province in terms of petrogenesis and ages (Cadoux & Pinti 2009).

Mount Amiata hosts a significant geothermal field, unmis-
takeably related to volcanic activity, which has been, in the
past 50 yr, the object of intense geological and geophysical ex-
ploration, including deep wells and seismic reflection profiles

(Calamai et al. 1970; Sbrana et al. 2015). The crustal structure
of the area has also been explored by two deep near vertical seis-
mic (NVR) profiles of the Italian CROP project, namely CROP03
(Pialli et al. 1998) and CROP18 (Brogi & Liotta 2006; Giustiniani
et al. 2015).

However, in this area, the rocks in the subsurface, including
the relatively shallow metamorphic basement and magmatic bodies
(still hot and with heat source transferred to surface), partially ham-
per seismic imaging, and lacks outstanding quality. For this reason,
seismic surveillance has always been accomplished with other geo-
physical techniques, such as magnetotelluric (Volpi et al. 2003) and
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gravimetry (Gianelli et al. 1988; Bernabini et al. 1995) that may
give a significant contribution in unravelling subsurface structures.

The prominent gravity feature of Mount Amiata is a pro-
nounced gravity minimum, in correspondence of the volcanic ed-
ifice (Mouton 1969; Gianelli et al. 1988; Bernabini et al. 1995;
Acocella 2000; Orlando 2005; Brogi 2008a). With the use of differ-
ent approaches, previous authors defined a low-density body (gen-
erally interpreted as a magmatic intrusion) beneath this area, which
could explain the observed gravity anomaly minimum (Gianelli
et al. 1988; Bernabini et al. 1995). However, the proposed geologi-
cal models show significantly different geometries and densities for
the batholith.

This paper presents a new gravimetric model of the subsurface
achieved by employing a new and more complete data set and inte-
grating different, up-to-date techniques. This work precisely defines
the geometry and depth of the residual magmatic chamber of the
Mount Amiata volcano, as well as determines its density, suggesting
the presence of either intensively fractured rock volume filled with
hydrothermal fluids or partially melted rocks. After a summary of
the geological framework and previous literature studies, the tech-
niques used and the results achieved in the two most important parts
of our gravity study are described. In the first, we calculated the first-
order vertical derivative and performed Bouguer’s gravity anomaly
power spectra analysis to enhance both the effect of shallow bodies
and to estimate the source depth. The second part focuses on a new
3-D geological density model of the area, implementing a forward
modeling approach.

Finally, results are discussed aiming to show how an integrated
approach may provide new and more reliable insights on the sub-
surface setting of a geologically complex area.

2 G E O L O G I C A L G E O P H Y S I C A L A N D
P E T RO L O G I C A L F R A M E W O R K

The Mount Amiata area is one of the principal Italian geother-
mal fields. It is located in southern Tuscany, in the hinterland of
the Northern Apennines (Carmignani et al. 2001). This region is
characterized by a relatively high heat flux, which is estimated to be
almost double the continental average: a maximum value of 600 mW
m−2 was measured in correspondence of the Mount Amiata volcano
(Mongelli et al. 1989; Baldi et al. 1995; Della Vedova et al. 2001;
Bellani et al. 2004).

The well-known Bagnore and Pian Castagnaio water-dominated
geothermal fields, presently under exploitation, are located on the
southwestern and southeastern flank. Respectively, they host two
superposed reservoirs: the shallower one is found in the fractured
carbonates and dolomites of the Tuscan Nappe at depth ranging
between 500 and 1500 m (Bellani & Gherardi 2009; Fulignati et al.
2014). Whereas the deeper one is hosted in the fractured base-
ment rocks at depths below 2500–3000 m (Fulignati et al. 2014;
Bellani & Gherardi 2009; Barelli et al. 2010). The shallow reservoir
is characterized with a temperature ranging from 150 ◦C (Bagnore)
to 230 ◦C (Piancastagnaio), while the deeper one reaches a tem-
perature higher than 300 ◦C (Barelli et al. 2010). Both reservoirs
consist of two convective zones separated by low permeable rocks
where conductive heat transfer occurs (Barelli et al. 2010; Bellani
& Gherardi 2009; Fulignati et al. 2014). The root of the hydrother-
mal system in the Mount Amiata area is assumed to be at a depth
between 4 and 7 km, with a temperature comprised between 400
and 500 ◦C (Liotta & Ranalli 1999).

The geological setting of the area derives from the complex tec-
tonic evolution, which affected the Northern Apennines since the
Early Cretaceous (Boccaletti et al. 1981; Barchi 2010). A com-
pressional stage (Cretaceous–Early Miocene) led to the emplace-
ment of tectonic units (involving successions of Late Triassic–Early
Miocene age) and was responsible for the stacking of the Ligurian
complex and the Tuscan Nappe. The extensional stage (Middle
Miocene–Present) related to the opening of the Northern Tyrrhe-
nian Sea leading to the boudinage of the previously stacked tectonic
units and produced the collapse of the over-thickened crust (Jolivet
et al. 1990; Bertini et al. 1991; Carmignani et al. 1994; Baldi et al.
1995; Barchi et al. 1998; Boncio et al. 1998; Liotta et al. 1998;
Brogi 2004; Doglioni et al. 2004; Lavecchia et al. 2004; Contrucci
et al. 2005).

In particular, the extensional events resulted in: (i) development
of normal faults, (ii) thinning of the continental crust and lithosphere
to about 20–22 km and 30–50 km, respectively (Ponziani et al.
1995; Pauselli et al. 2006) and (iii) formation of the Radicofani
sedimentary basin and the emplacement of a magmatic body in the
middle-upper crust. Furthermore, in agreement with Ponziani et al.
(1995) and Pauselli et al. (2006), Bellani & Gherardi (2009) also
suggested the emplacement of magmatic bodies at shallow crustal
levels derived by the extensional stage that produced 20–22 km
thinner continental crust in the Tuscan area.

The Neogene magmatism was associated with a rapid surface
uplift, with a maximum estimated value of 2000 m (Pasquarè et al.
1983; Disperati & Liotta 1998; Acocella 2000). The Mount Amiata
area was investigated by several geophysical and geological sur-
veys, which revealed the complex geological framework, including
several complexes and units, which are described in the following,
from top to bottom (Fig. 1).

The volcanic complex ranges in compositions from olivine latite
to latite, trachyte along with highly porphyritic trachydacite (50–
60 vol.%) and the ubiquitous presence of magmatic enclaves with
composition from shoshonite to latite enriched in K2O. The eruptive
period ranges from 305 to 231 ka (Laurenzi et al. 2015 and refer-
ence therein). Volcanic rocks cover an area bigger than 90 km2 with
an average thickness of 150–200 m that allows a volume estimation
of about 14–18 km3 of erupted materials (Marroni et al. 2015).
There is a general agreement on the trigger mechanism of the vol-
canic activity consisting of a mixing/mingling processes between a
highly differentiated (i.e. high SiO2 content), K-calcalkaline end-
member and a mafic ultrapotassic magma (Conticelli et al. 2015
and reference therein).

Neogene and Quaternary deposits consist of Middle Miocene–
Quaternary continental and marine sediments (Martini & Sagri
1993). They fill the tectonic depressions and unconformably over-
lie the pre-Neogene substratum (Liotta 1994). They also include
Quaternary travertines. Additionally, the Radicofani sedimentary
basin hosts a monogenetic volcano (1.3–1.1 Ma, Pasquarè et al.
1983; D’Orazio et al. 1991; Barberi et al. 1994) ranging in compo-
sitions from basaltic andesite to shoshonite (Marroni et al. 2015).
The Radicofani volcanic rocks show significant compositional vari-
ations linked to the different petrographic facies recognized along
the neck and within the lava flows (Marroni et al. 2015 and refer-
ences therein).

The Ligurian Complex includes the Ligurian Units (S. Fiora Unit:
Early Cretaceous–Eocene; and Ophiolitic Unit: Middle Jurassic–
Early Cretaceous) and the Subligurian Unit (Eocene–Oligocene)
(Marroni et al. 1998; Pandeli et al. 2005 with references therein).
These were thrust eastwards over the Tuscan Domain during the
Latest Oligocene–Early Miocene (Carmignani et al. 2001 and
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Figure 1. Simplified geological sketch of the study area (spatial reference system Gauss Boaga), showing the data set used for this study (2-D gravity sections
and seismic profiles). Dashed black lines represent isobaths of Radicofani Basin and blue dashed lines represent isobaths of K-horizon. Black dotted lines show
the traces of 2-D sections shown in Fig. 4.

references therein). The Ligurian Units include the remnants of the
Jurassic oceanic basement and its pelagic sedimentary cover, while
the Subligurian Unit is composed of a pelagic sequence belonging
to a palaeo-geographical domain interposed between the Ligurian
Domain and the Tuscan Domain (Batini et al. 2003; Pandeli et al.
2005).

The Tuscan Nappe represents the sedimentary cover of the Adria
continental palaeo-margin (Batini et al. 2003; Brogi 2008a,b) from
the Late Triassic to Early Miocene. It was detached from its sub-
stratum along the Triassic evaporite horizon and was thrust over
the outer palaeo-geographical domains (Umbria-Marche Domain)
during the Late Oligocene–Early Miocene compressional stage
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Table 1. P-waves velocities from active seismic surveys.

Lithologic unit P-wave velocity VP Calculated density ρ (g cm−3)
(m s−1) (this study)

Pliocene units 2000a 1.91
2750–2900b 2.16–2.20

Ligurids units 3900b 2.38
Tuscan turbidites 4000–4300a 2.39–2.43
Carbonates units 5600a 2.64
Evaporites units 6100a 2.74

6300–6400c 2.78–2.80
Basement s.l. 5100a 2.55
Upper crust 6000–6300d 2.72–2.78
Lower crust 6400–6700d 2.80–2.95
aMirabella et al. (2011).
bAmato et al. (1994).
cTrippetta et al. (2013).
dPonziani et al. (1995) and calculated density values in this study.

(Carmignani et al. 2001; Brogi & Lazzarotto 2002). Its strati-
graphic succession consists of (from bottom to top): evaporitic (Late
Triassic), carbonate (Late Triassic–Early Cretaceous) and pelagic-
turbiditic (Cretaceous–Early Miocene) successions.

In the study, the Macigno Formation (Oligocene–Early Miocene)
is exposed, as small lenses delimited by tectonic contacts.

The Tuscan Metamorphic Complex is composed only of the
Monticiano–Roccastrada Unit, which has been drilled down to 4900
m (Elter & Pandeli 1991; Brogi 2008b). It consists of very low-grade
metamorphic sequences belonging to two groups: (i) the Triassic
Verrucano Group, composed of continental metapelites, metasand-
stones and metaconglomerates and (ii) the Palaeozoic Group, com-
posed of graphitic phyllites and meta-sandstones of probable Car-
boniferous age (Elter & Pandeli 1991).

The crustal structure of the study area was explored by seismic
refraction (Ponziani et al. 1995) and reflection (Pauselli et al. 2006;
Brogi et al. 2005; Giustiniani et al. 2015) techniques. In particu-
lar, two onshore deep NVR seismic profiles of the CROP project
(Scrocca et al. 2003) cross this area, namely, CROP03 (Pialli et al.
1998) and CROP18 (Brogi et al. 2005) profiles.

Seismic refraction data (Ponziani et al. 1995) define the general
seismostratigraphy of the crust beneath the basement and its com-
plex sedimentary cover, as consisting of three almost flat layers, with
no significant lateral variation of velocity (Table 1). Top to bottom,
the crust is made of a crystalline upper crust (8–14 km), character-
ized by a P-wave velocity of 6.0–6.3 km s−1; the underlying lower
crust is divided into an upper high-velocity layer (6.7 km s−1), till
a depth of 17 km, and a deeper low-velocity layer (6.3 km s−1) till
a depth of 24 km. The boundary with the mantle (Tuscan Moho) is
marked by a sudden increase of P-wave velocity (7.7 km s−1).

Recently, Giustiniani et al. (2015) re-interpreted the shallower
part of seismic lines CROP18 and CROP03 (about 6 s TWT, two
ways time), in correspondence to the studied area. For the CROP18
profile, which borders the southwestern flank (Fig. 1), Giustiniani
et al. (2015) traced two highly reflective, prominent horizons, named
the H-horizon and the K-horizon. These were already recognized
by various authors as being characteristic of the geothermal fields
of the Southern Tuscany Province (Batini et al. 1978; Cameli et al.
1993; Liotta & Ranalli 1999; Brogi et al. 2003, 2005; Fiordelisi
et al. 2005; Casini et al. 2010).

The deeper K-horizon, located at 6–7 km depth, is a high am-
plitude seismic reflector, suggesting a sudden change in the rocks’
physical properties. Different hypotheses have been proposed for
the significance of this horizon and for the composition of the un-
derlying rocks:

(1) Batini and Nicolich (1984) attributed its origin to a fractured
interval including the metamorphic basement and Hercynian and/or
Alpine granites.

(2) Gianelli et al. (1988) ascribed the presence of this high reflec-
tivity zone to a fractured interval, filled with hot fluids within the
basement and at the top of a granite intrusion. The authors noted that
this area was characterized by the presence of bright spots like in the
COCORP profiles (USA) where these reflections could suggest: (I)
presence of magma trapped at mid-crustal levels or (II) contact be-
tween immiscible supercritical fluids. Bright spots related to fluids
have also been hypothesized in basement formations in Germany
(Brown et al. 1980; Oliver et al. 1983; Brown 1986; Brown et al.
1986; KTB-Research Group Black Forest, 1987);

(3) Brogi (2008a), compiling the results of previous studies, pro-
duced an isobaths map of the K-horizon for the area of Mount
Amiata (Fig. 1). This map images the top of an antiformal body
centred on its volcano, with an NE-SW elongated elliptical shape
and an average depth of about 5 km b.s.l. The negative Bouguer
anomaly, high heat-flow distribution and the Tuscan Metamorphic
Basement show a similar geometric feature, suggesting the pres-
ence of a low-density, partially crystallized, relatively hot body at
depth.

The shallower H-horizon, described by Giustiniani et al. (2015),
is another prominent reflector, locally traceable in the geothermal
fields of Tuscany, about 0.8 s (TWT) above the K-horizon. Sbrana
et al. (2015) consider the H-horizon as the top of the deeper geother-
mal reservoir (located at depths greater than 2500 m) hosted in
thermometamorphic fractured phyllites and metasandstones of the
Tuscan Metamorphic Complex, modified by thermometamorphic
processes. The presence of this highly fractured contact metamor-
phic aureole above the K-horizon is well known and explored in the
Larderello geothermal fields, where it has also been drilled by the
S. Pompeo well (Fiordelisi et al. 2005; Casini et al. 2010).

2.1 Previous gravimetric models in the mount Amiata area

A few decades ago the Mount Amiata area was studied using
gravimetric methods by Gianelli et al. (1988) and Bernabini et al.
(1995). Both studies support the hypothesis that the negative gravity
anomaly is due to the effect of a low-density body, beneath the vol-
cano. This body, residing at relatively shallow depth, is interpreted
as a residual magmatic chamber. However, the authors propose quite
different density values (2.15 and 2.35 g cm−3, respectively) and a
significantly different geometry at depth (Fig. 2).

Gianelli et al. (1988) modeled two 2-D gravity sections, trending
NNW–SSE and WNW–ESE, respectively, defining the geological
model by the geophysical, petrologic and well-log data (Figs 2a
and c).

Along the first, NNW-SSE trending, 25 km long gravity section
(Fig. 2b), crossing Mount Amiata for a length of 25 km, the authors
represented a magma chamber with a thin flattened ‘mushroom or
disc-like shape’, characterized by a density of 2.15 g cm−3. The top
of the magmatic chamber is 5 km deep, and the flat bottom 6 laterally
extending for 23 km. The magmatic chamber is surrounded by a thin
granitic layer (less than 1 km thick), topped by the K-horizon, with
an assigned density of 2.55 g cm−3. The depth of the K-horizon,
considered as the top of the low-density body, was derived from the
interpretation of a seismic reflection profile, crossing the southern
flank of the mountain, in correspondence of Piancastagnaio. The
same structure and density model are derived from along the second
section, crossing the southern part in the WNW–ESE direction, for
a length of 30 km and also comprising the western part of the

Downloaded from https://academic.oup.com/gji/article-abstract/211/2/865/4083622
by INGV user
on 30 April 2018



Gravity anomaly of Mount Amiata 869

Figure 2. (a) Location of the previous gravimetric model in the Mount Amiata area. (b) and (c) Models from Gianelli et al. (1988) and (d) and (e) models
from Bernabini et al. (1995).

Radicofani Basin. In this section, the magma chamber is wider
(30 km) (Fig. 2c).

Considering: (i) the average composition of rhyodacitic lava; (ii)
the initial temperature (900–850 ◦C) and depth (5–7 km) where the
magma intrusion occurred and (iii) a cooling rate of 15–20 ◦C Ma−1;
Gianelli et al. (1988) calculated the density of about 2.15 g cm−3 for
a still partial melted intrusion with about 2 per cent water content.

They also estimated a density of 2.55 g cm−3 for the outermost
solidified and fractured carapace, consisting of solid granite.

Bernabini et al. (1995) analysed the Bouguer gravity anomaly
using a 3-D density model and applying the stripping off technique.
The results are shown along two representative sections, following
the WSW–ENE direction, 50 km long and spaced about 10 km

(Figs 2d and e). These sections image a low-density body, extending
for 30 km in WSW–ENE direction and divided into two units,
which the authors assigned to a density of 2.55 and 2.35 g cm−3,
top to bottom. In both sections, the upper unit, topped by the K-
horizon, is flat and comprised between 6 and 8 km. The lower unit is
slightly concave downward and extends till a depth of about 11.5 km
(southern section, Fig. 2e) and 14 km (northern section, Fig. 2d).

On the basis of the Murase & McBirney (1973) and Soula (1982)
studies, Bernabini et al. (1995), considering a geothermal gradient
of 0.85 ◦C per 10 m, measured in deep wells, estimated a density
of 2.55 g cm−3 at 6000 m (T = 600–800 ◦C) and of 2.35 g cm−3 at
8000 m (T = 800–850 ◦C). They also considered a partially melted
intrusive body at depths ranging 6–15 km.
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Figure 3. (a) Spatial distribution of the gravimetric data in the area of interest, (b) topography map and (c) Bouguer gravity anomaly map. The continuous
black lines in (a)–(c) show the Mount Amiata area. The black dotted lines in (b) and (c) show the traces of 2-D sections shown in Fig. 4.

3 B O U G U E R G R AV I T Y A N O M A LY DATA
A N D A NA LY S E S

The Bouguer gravity anomaly data used in this study were ac-
quired from different institutions (ENI, OGS, U.S. Defence Map-
ping Agency and Servizio Geologico d’Italia) and organized in a

composite data set, covering Central Italy and consisting of about
50 000 stations, randomly distributed. A statistical analysis of the
source data was performed by computing median, minimum and
maximum distances between adjacent stations, providing values
of 784, 16 and 2783 m, respectively. The locations of these sta-
tions in the area of interest are shown in Fig. 3(a). For each, the
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elevation and the Bouguer gravity anomaly data is given and has
been corrected using the IGSN-71 (International Gravity Standard-
ization Net, Morelli et al. 1971) as a reference and the standard
gravity formula based on the GRS80 ellipsoid. The Bouguer grav-
ity anomaly was computed using a density of 2.67 g cm−3, and the
terrain correction up to a radius of 166.736 km.

From this data set we extracted two grids representing the topog-
raphy and the Bouguer gravity anomaly of the study area, using the
minimum curvature method and a square grid cell size of 500 m. The
resulting maps using the Geosoft Oasis Montaj software (Geosoft
2013) are shown in Figs 3(b) and (c).

The topography map (Fig. 3b) images three relatively long-
wavelength, NNW–SSE trending ridges: from W to E, they are
Mt. Labbro, Mt. Amiata and the Mt. Cetona ridges. A relatively
long-wavelength topographic low, corresponding to the Radicofani
Basin, separates Mount Amiata from the Mount Cetona ridge, lo-
cally interrupted by a sharp peak, in correspondence to the village
of Radicofani, where a small Pleistocene dyke crops out (D’Orazio
et al. 1991; Peccerillo 2005). The northwestern side of the map is
occupied by the ESE–WSW trending low, which reflects the Orcia
River valley.

The Bouguer gravity anomaly map (Fig. 3c) images a long-
wavelength low aligned along the direction SW–NE, bordered by
the contour line 15 mGal. This regional minimum consists of two
short-wavelength lows, corresponding to Mount Amiata volcano
and the Radicofani Basin. The first low shows a round shape, while
the second is slightly elongated in an NNW–SSE direction, chang-
ing to W–E in the proximity of the volcano. The Amiata–Radicofani
low is surrounded by three areas of a positive anomaly: the NNW–
SSE trending peak of the Mount Cetona Ridge, to the east; the
ESE–WSW trending high of the Orcia River valley, to the NW; and
an E–W trending high, in the southern part of the Mount Amiata
ridge.

The topographic and gravimetric signal is also imaged along nine
WSW–ENE trending sections, spaced about 2 km (Fig. 4), which is
the base of our 3-D gravimetric model, described in the following
Section 4. These show that:

(1) The gravimetric minimum of the Radicofani Basin is system-
atically shifted westward concerning the topographic minimum,
suggesting that the maximum thickness of recent sediments is
shifted toward the western flank of the valley, which is bordered
by a major, east dipping normal fault (e.g. Collettini et al. 2006).

(2) The gravimetric minimum of Mount Amiata is well pro-
nounced only along the Sections 3–5, corresponding to the maxi-
mum elevation of the volcanic edifice.

3.1 First-order derivative gravity map

To enhance the gravity effect of shallow bodies in the study area, we
realized a first-order vertical derivative map of the Bouguer gravity
anomaly (Fig. 5) using Geosoft Oasis Montaj software (Geosoft
2013). The first vertical derivative is a zero-phase filter meaning it
does not affect the location of anomaly peaks, sharpens the poten-
tial anomalies and emphasizes high-frequency components of the
shallow sources (Saad 2006). Fig. 5 shows the map of the processed
signal and interpretation, and distribution of the shallow bodies
explaining the measured Bouguer gravity anomaly.

On the eastern part of the map, an NNW–SSE elongated promi-
nent peak of the gravity signal correlates with the Mount Cetona
ridge. West of the ridge, the gravity signal shows a minimum in
correspondence with the depocentre of the Radicofani Basin. On

the northwestern and the southeastern throats of this basin, there
are small wavelength maxima, possibly related to thresholds, lon-
gitudinally segmenting the basin (Bonini & Sani, 2002), that is, the
Pienza threshold (NW) the Latium volcanics (SE).

Moving toward the magmatic outcrop of the Mount Amiata,
the gravity signal displays a prominent circular minimum. Two
further, short-wavelength minima are located on the southwestern
and southeastern flanks, in correspondence of the Bagnore and Pi-
ancastagnaio geothermal fields, respectively. On the northeastern
flank of the mountain, a short-wavelength maximum marks a re-
stricted outcrop of the carbonate succession in correspondence of
Poggio Zoccolino (Brogi 2004).

3.2 Power spectrum analysis of the sources depth

The analysis of the first vertical derivative map highlighted and
quantified the gravity minima beneath Mount Amiata and the Radi-
cofani Basin. To estimate the depth of the sources responsible for
these minima, we used the gravity data power spectra analysis (e.g.
Spector & Grant 1970; Karner & Watts 1983). Under the assump-
tion of prismatic sources over the subsurface topography, the grav-
ity power spectrum of sources reveals a quasi-linear relationship
between the wavenumber and the power spectral density. The loga-
rithm of the power spectrum of the gravity field, versus wavenumber,
results in several linear segments. The slopes of the straight lines ‘h’
are proportional to the depths of the top which correspond to body
causing the density contrast according to the following equation:

s = h/4π

The power spectrum curves are usually divided into three com-
ponents associated with gravity anomalies originating from deeper,
shallower and noise sources (Shafie et al. 2016).

For this analysis, it is necessary to examine the Bouguer gravity
anomaly, considering a window centred on the anomaly to inves-
tigate: in our case, we extracted two window grids centred on the
gravity minimum of both the Amiata and the Radicofani (Figs 6a
and b).

For this analysis, we used the procedure included in the Geosoft
Oasis Montaj software, consisting of the following steps:

(1) Preparing the window grid data extending (+10 per cent) the
borders of the window grid and filling the extended area using the
maximum entropy algorithm.

(2) Calculating the 2-D fast Fourier transform.
(3) Calculating the radial averaging of the power spectrum.
(4) Separation of the linear sections of the power spectrum.
(5) Estimating the depth of the sources, using the equation: s =

h/4π .

From the power spectrum analysis of the gravity signal in the two
sampled areas (Mount Amiata and Radicofani Basin), we detected
three different sources, located at progressively shallower depth,
as evidenced by the marked changes in the slope of the power
spectrum linear trends (Figs 6c and d). In both cases, the third trend,
corresponding to a very shallow source (less than 1 km deep), is
interpreted as a noise effect (Shafie et al. 2016).

Regarding Mount Amiata (Fig. 6c), our analysis envisages a
deeper source, at a depth of about 3.3 km and a shallower source at
a depth of approximately 1.3 km.

These sources could correspond to the main geothermal reser-
voirs of the Mount Amiata field, as highlighted by Sbrana et al.
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Figure 4. Topography and Bouguer gravity anomaly along nine, regularly spaced 2-D sections. The traces of sections are reported in Figs 1 and 3(b) and (c).

(2015). According to this study, the shallower reservoir is located at
a depth of 0.5–1.5 km and the deeper one below a depth of 2.5 km.

As for the Radicofani Basin (Fig. 6d), the first trend is produced
by a relatively deep source, at a depth of approximately 2.3 km,

while the second trend reflects a shallower source, at a depth of
about 1.0 km. The latter source, widespread all over the study area,
probably corresponds to the minimum thickness of the sedimentary
basin infill.
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Figure 5. First vertical derivative map of the Bouguer gravity anomaly for the study area. Map also shows an interpretation of the gravity signal of shallow
geological structures (circled areas).

4 3 - D G R AV I T Y M O D E L I N G

4.1 Methods and software

We produced a 3-D geological density model of the subsurface
setting implementing a forward modeling approach consisting of
interactive geological and geophysical modeling.

We used the IGMAS + software package (Interactive Gravity and
Magnetic Application System) designed for 3-D potential field mod-
eling (Götze & Lahmeyer 1988; Schmidt & Götze 1998, 1999). This
software allows building an underground model, assigning physical
parameters, calculating the gravitational (or magnetic) response and
interactively modifying and visualizing the model using real-time
update of the calculated fields.

The algorithm of this software is based on an analytical solution
of the volume integral for the gravity response of a homogeneous
body (Schmidt et al. 2011). The volume integral of this polyhedral
structure is transformed into a surface integral (Götze 1984; Götze &
Lahmeyer 1988). The attraction effect of each polyhedral structure
is considered as the superposition of the gravity effect of individual
surfaces represented as triangles, which provide the most flexible
geometry element for interactive graphics.

The geometry is set up by vertices on vertical and parallel sec-
tions. The triangulation between adjacent sections is performed to
build a 3-D model geometry based on polygons. The triangulation

connects two corresponding parallel lines and is optimized to pro-
duce a minimum surface area among all possible triangulations.
The triangulated surfaces represent the outline of the 3-D bodies
included in the model.

The software checks the consistency of the model before calculat-
ing its gravity field, verifying that the hull is complete, without gaps
or overlapping triangles. It could be useful to define a simple shape
for the bodies because it reduces problems related to triangulation.

This type of modeling provides a further constraint for geologi-
cal interpretation, improving the reliability of the geological density
model due to the interaction between the adjacent sections in com-
puting the gravity response. In other terms, the model tested along
each 2-D section must also be consistent along the other parts of
the model.

4.2 Geological model

Before starting with the gravity forward modeling, it was neces-
sary to arrange the geophysical and geological data set along par-
allel vertical sections crossing the study area. We imaged all the
geological structures, starting from the ground surface, including
the topography in our model. We assigned a reference density of
2.67 g cm−3 to our model, which is the same used for the Bouguer
correction. We performed nine, regularly spaced, WSW–ENE
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Figure 6. Bouguer gravity anomaly map windows centred on (a) Mount Amiata and (b) Radicofani basin. Radially averaged power spectrum of the Mount
Amiata (c) and Radicofani (d) windows and source depth estimations.

trending geological sections, about 35 km long, crossing the mag-
matic outcrop of Mount Amiata and perpendicular to the direction
of the Radicofani Basin and the main geological structures (Fig.
1). Each section was extended to a depth of 17 km. Considering
the length of our profiles, we could not model geological structures
which lay at lower depths.

Along each section, geometry and density were assigned to each
geological unit that made up the geological model.

In the area covered by our sections (Fig. 1), the rocks crop-
ping out at the surface mostly consist of the Quaternary vol-
canics of Mount Amiata, the Ligurides units exposed along its
ridge, and the Neogene sediments, infilling the Radicofani Basin.
The only exceptions are a few, limited outcrops of the Tuscan
Nappe carbonates that we decided to leave out of our simplified
model.

The subsurface geometry of the starting model was inferred us-
ing information coming from wells (e.g. Radicofani, Piancastag-
naio and Bagnore), seismic reflection (e.g. CROP03, Pialli et al.

1998; CROP18, Giustiniani et al. 2015) and refraction profiles (e.g.
PIA16, Fig. 1).

In each of the geological sections, we reconstructed from top to
bottom (Fig. 7a):

(1) The bottom of the Radicofani Basin, constrained by the
isochron map produced by Bonini & Sani (2002) and used a
P-wave seismic velocity VP = 2.75 km s−1 (Amato et al. 1994)
for depth conversion (Fig. 1).

(2) The bottom of the Ligurian Complex located accord-
ing to published borehole data and seismic interpretations
(Brogi 2008a,b and reference therein); in areas where this
data were not available, we considered a constant thickness
of 0.7 km.

(3) The K-horizon depth, derived from seismic profiles and com-
puted by Brogi’s (2008a) map (Fig. 1). The depth of this dome-
shaped horizon ranges from 6.5 to 4 km.
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Figure 7. Gravity response of the final model along (a) Section 4, (b) Section 3, (c) Section 5 (see Figs 1 and 3b and c).

(4) The bottom of the Tuscan Metamorphic Complex, fixed at a
mean depth of 5 km, on the basis of the western part of the CROP03
profile (Pialli et al. 1998).

(5) The thickness of the Upper Crust, inferred from Ponziani
et al. (1995).

(6) The lower crust, merely located from the bottom of the upper
crust to the lower boundary of the sections.

4.3 Gravity model

The estimation of the density values for different stratigraphic units
is very complex; furthermore, the choice of these parameters greatly
affects the modeling results. The lack of laboratory information and
the difficulty of upscaling their significance made it necessary to
use an indirect approach to allot proper values.
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Table 2. Summary of the density values adopted by different authors for
the study area.

Lithologic unit ρ (g cm−3) (previous studies)

Quaternary volcanites 2.4a

Magmatic intrusion 2.55b

2.35c

2.15–2.55d

2.35–2.55e

2.4f

2.55g

2.45–2.55h

aBernabini et al. (2000).
bMurase & McBirney (1973).
cSoula (1982).
dGianelli et al. (1988).
eBernabini et al. (1995).
fBarberi et al. (1994).
gManzella et al. (1998).
hOrlando (2005).

Table 3. Density values adopted for the 3-D gravity modeling.

Lithologic unit Adopted density ρ Body introduced for the
(g cm−3) 3-D gravity modeling

Pliocene units 2.30 RADBAS
Quaternary volcanites 2.38 LIGVOL
Ligurids units
Tuscan turbidites
Carbonates units 2.67 TUSBAS
Evaporites units
Basement s.l.
Contact metamorphic aureole 2.35 HHOR
Magmatic intrusion 2.35 LOWDEN
Lower basement 2.55 KHOR
Upper crust 2.75 UPPCRU
Lower crust 2.95 LOWCRU

Different approaches may be used to assign the densities to the
lithological units. For instance, density (ρ) could be inferred by
using the relation with seismic P-wave velocities (VP), as defined
by the polynomial regression (Brocher 2006) that fits the Nafe–
Drake empirical curve (Ludwing et al. 1970):

ρ
(
g cm−3

) = 1.6612VP − 0.4721V 2
P + 0.0671V 3

P − 0.0043V 4
P

+ 0.000106V 5
P

where VP is in m s−1.
By using the latter, and considering the high variability of the

rock lithology for the studied area, we grouped the geological for-
mations into a limited number of representative lithological units
and, consequently, chose the correspondent VP velocity on the basis
of previous active seismic surveys (Table 1).

In lithological units where no reliable VP values were available,
density values adopted in scientific literature for the studied area
were employed (Table 2). Using these two data sets, we compiled a
final table of adopted densities (Table 3).

Using these density values, we created a simple preliminary geo-
logical density model, consisting of six geological bodies described
in the following, top to bottom (Fig. 7a).

(1) The RADBAS body (2.3 g cm−3) represents the infilling of
the Radicofani Basin: therefore its bottom corresponds to the depth
of the basin itself.

(2) The LIGVOL body (2.38 g cm−3) includes both the Ligurian
and the Mount Amiata Volcanic Complex, extensively cropping out
in the western and central parts of the study area.

We grouped these two units because the estimated density of the
Quaternary magmatic rocks (2.4 g cm−3, Bernabini et al. 2000) is
very close to that estimated for the Ligurian Complex (2.38 g cm−3).
Moreover, the volcanic rocks of Mount Amiata consist of a relatively
thin unit, with a mean thickness of 150–200 m (Marroni et al. 2015)
and are systematically underlain by the Ligurian Complex. This
body also includes the small and thin Tuscan turbidites (Macigno
Fm.) locally present at the top of the Tuscan Nappe units.

(1) The TUSBAS body (2.67 g cm−3) includes the Tuscan Nappe
sedimentary succession and the underlying Tuscan Metamorphic
Complex (Brogi 2008a,b); it is worth noting that in the Tus-
can Nappe succession mostly consists of Triassic anhydrites and
dolomites (Burano Fm. and Calcare Cavernoso), with few lenticu-
lar bodies of Mesozoic carbonates, and that the density of these units
is comparable with that of the underlying basement.The TUSBAS
body is comprised between the bottom of the Ligurian Complex
and the K-horizon.

(2) The KHOR body (2.55 g cm−3) corresponds to the lower
part of the basement, topped by a prominent reflector (K-horizon,
Fig. 7), marking a sharp change in the physical properties of the
rocks.

(3) The UPPCRU body (2.75 g cm−3) represents the crystalline
upper crust. The top of this body is delimited by the bottom of the
KEYHOR body and extends till a depth of 14 km.

(4) The LOWCRU body (2.95 g cm−3) represents the lower crust.
It underlies the upper crust to the lower boundary of the model
(17 km).

To constrain both geometry and spatial density distribution of
Amiata’s subsurface, we started from a simple model with the six
layers mentioned above. Therefore, we followed a trial-and-error
procedure, based on a calculation of the gravity anomaly for a
given model, and iterative modification to minimize the differences
between calculated and observed gravity anomaly. However, we
observed that the six-layer model does not explain the measured
anomaly satisfyingly and the main misfit concerns the area beneath
the ridge, where the calculated gravity anomaly is higher than the
measured one for all the nine sections of the model. Hence, to
reduce the value of the gravity response in this area, and to fur-
ther decrease the misfit between calculated and observed gravity
anomalies, we introduced two additional low-density bodies in the
model:

(1) The deeper body LOWDEN, with a density of 2.35 g cm−3, is
topped by the K-horizon and corresponds with the portion of KHOR
below the volcano: in our interpretation, this body represents the
remnant of the magmatic body, responsible for the volcano itself.

(2) The shallower body HHOR, with a density of 2.35 g cm−3,
is draped on top of LOWDEN and is topped by the H reflector
(Fig. 7a): in our interpretation, this body represents the fractured
aureole of the magmatic body, where fluid overpressures may be
hypothesized.

Following Giustiniani et al. (2015), the H-horizon was drilled
by the S. Pompeo well-2, positioned near the Larderello Geother-
mal field (Batini et al., 1983). The H-horizon seems to correspond
to a highly fractured layer rich of hydrothermal minerals starting
from a 2100 m depth, found by the well. According to Giustini-
ani et al. (2015), the high temperatures and fluids can affect rock
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Figure 8. Measured (a) and calculated (b) Bouguer gravity anomaly; (c) residual (measured − calculated) gravity anomaly map.

properties with up to 10 per cent reduced seismic interval velocities
and densities.

The introduction of the two bodies determines a better fit between
the calculated and measured Bouguer anomaly particularly in the
central area of the model (Sections 3–5, Fig. 7).

Maps in Figs 8(a)–(c) represent the measured, calculated Bouguer
gravity anomalies and the residual maps, respectively. The statistical

analysis of the residual anomaly shows minimum and maximum
differences (measured − calculated) of −3.69 and +3.58 mGal,
with a standard deviation of 1 mGal. The highest misfit values are
localized at the borders of our models, and do not affect its results.

The calculated gravity anomaly is mainly affected by the su-
perposition of three primary signals, related to three geological
bodies:
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Figure 9. 3-D view of the residual magmatic chamber and Radicofani sedimentary basin.

(1) The Liguride units extensively cropping out along the
Mount Amiata ridge, locally covered by thin Quaternary volcanics
(LIGVOL body), generate a gravity signal characterized by short-
wavelength signal, related to the lateral thickness variations of this
shallow geological unit.

(2) The Neogene, scarcely consolidated sediments infilling the
Radicofani Basin (RADBAS body) generates a gravity signal char-
acterized by a relatively long-wavelength signal, similar to a narrow
throat, elongated along the NNW–SSE direction.

(3) The remnant magmatic chamber of the volcano (LOWDEN
body) and its fractured aureole (HHOR body) generate a relatively
long-wavelength gravity signal, delineated by a subcircular mini-
mum, slightly elongated in the SW−NE direction.

The block diagram of Fig. 9 offers a 3-D view of the Radicofani
Basin (RADBAS body) and the magmatic chamber of Mount Ami-
ata (LOWDEN body), as modeled along our nine cross-sections.
The basin is imaged as a bowl-shaped, where the base reaches an
average depth of about 1500 m. The maximum depth (∼2000 m) is
reached along the northern part of the model (e.g. along Section 5),
and significantly decreases in the southern part, where it is about

1300 m. In some of the sections of the south (e.g. Section 7), the
depocentre is shifted towards the western flank.

The magmatic chamber is modeled as a slightly convex upward
geological body, located between 4.5 and 7.5 km depth, covered
by an aureole of highly fractured rocks (HHOR), hosting the deep
reservoirs of the Amiata geothermal field. As expected, these bodies
reach their maximum thickness along Section 4, crossing the central
part of the volcano. The low-density body, related to the magmatic
chamber, is present in the northern and central part of the model
from Sections 1 to 7 (Figs 3 and 4).

5 D I S C U S S I O N S

To evaluate the consistency of the density value, we calculated the
remnant magmatic chamber of Mount Amiata (by forward gravity
modeling), and attempted to estimate this density following a simple
petrological approach.

Densities of liquid silicate systems may be calculated from partial
molar volumes of oxide components (Bottinga & Weill 1970).

Considering the depth at where the low-density zone is located
(see Fig. 7), the literature data (Cadoux & Pinti 2009 and reference
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Table 4. Chemical bulk analyses are those reported in Conticelli et al. (2015).

Reomorphic Lava flow Lava flow Lava flow Lava flow
wt.% BTC BTC DLC DLC OLF

SiO2 66.2 66.3 66.7 63.1 59.9
TiO2 0.51 0.55 0.43 0.59 0.64
Al2O3 16.8 15.3 16.7 16.2 15.7
Fe2O3 0.45 0.49 1.09 0.89 5.27
FeO 2.56 2.68 1.8 3.4 0.05
MgO 1.35 1.18 1.25 2.89 3.27
CaO 2.33 3.04 2.32 4.33 5.69
Na2O 2.18 2.17 2.15 2.03 1.91
K2O 6.03 6.16 6.13 5.75 5.44
H2O 1.32 1.89 1.26 0.56 1.55

Pressure (kbar) ρ (g cm−3)

1 2.434a–2.416b 2.415a–2.399b 2.418a–2.431b 2.512a–2.523b 2.431a–2.513b

2 2.453a–2.436b 2.435a–2.422b 2.438a–2.452b 2.531a–2.543b 2.450a–2.534b

1 2.312c 2.314c 2.306c 2.363c 2.382c

2 2.332c 2.333c 2.326c 2.382c 2.401c

aDensity was estimated using the model of Klöß (2000).
b
Ochs & Lange (1999) at 500 ◦C. BTC and DLC refer to Basal Trachydacitic Complex and Dome and

Lava flow Complex, respectively.
cRefers to density calculated by Ochs & Lange (1999) considering 3 wt.% H2O and 800 ◦C.

therein), and assuming that magma body emplacement occurred at
≈ 6 km depth with possible pressure range of 1.0–1.7 kbar (Gianelli
et al. 1988; Acocella & Rossetti 2002 and references therein), we can
use bulk lava flow composition (Conticelli et al. 2015; Table 4) to
calculate density of the cooling, but still hot, magmatic body (Volpi
et al. 2003). By utilizing the literature models of Klöß (2000) and
Ochs & Lange (1999) and a temperature of 500 ◦C (as proposed by
Bellani & Gherardi 2009), we can predict densities. Computations
are made by using as water content, those reported as L.O.I. (loss of
ignition) in Conticelli et al. (2015). As recorded in Table 4, L.O.I.
is obtained by fusion of a sample aliquot (in a crucible and oven),
for 12 hr. On this regard, Cadoux & Pinti (2009) reported that the
amount of magmatic water accounts for up to 50 per cent of the
measured L.O.I. Moreover, values are in accordance to those in
Table 4.

It should be pointed out that the above-mentioned models are
mainly used for the density estimation of glasses and melts and
could, in some cases, be inappropriate to define real magmatic
body density. However, by using this approach and pressure of
1 and 2 kbar, results are in agreement with those presented in
Table 2. We also observed that to achieve low melt density (e.g.
2.15 g cm−3), the volatile content of our magmatic composi-
tion should be on the order of 6–7 wt.% meaning higher pres-
sure (≈5 kbar) corresponding to a much greater depth than 6 km
estimated above.

However, since density is directly related to volatile contents and
temperature, and there is no precise temperature estimation at the
investigated depth, the following may be noted: an amount of 3
wt.% H2O solubilized into volcanic products (Amiata) at 800 ◦C
reduces the density values down to 2.30 g cm−3 in the 1–2 kbar
pressure range (Table 4).

Finally, compositions relatively rich in alkalis have a consider-
ably higher amount of CO2 that could be potentially solubilized in
magmas (Vetere et al. 2014). Moreover, they could change physi-
cal parameters such as viscosity and to a lesser extent, due to the
low CO2 solubility compared to water, density (Bourgue & Richet
2001). No CO2 content is taken into account since the maximum
CO2 content potentially solubilized in such a composition (consid-
ering the amount of water reported in Table 4) is ≈0.12 wt.% at 2

kbar pressure (Vetere et al. 2011, 2014; MagmaSat App., Ghiorso &
Gualda 2015). The above factors do not consider that a low-density
value could be related to the presence of free fluids into the system
as well as to porosity.

6 C O N C LU S I O N S

This study provides a new 3-D model (Fig. 9) of the geometry,
density and depth of the residual magmatic chamber of the Mount
Amiata volcano, which is thought to be responsible of the observed
gravity negative anomaly.

In our model, the top of the magmatic body (LOWDEN in
Figs 7a–c) corresponds to a prominent seismic reflection (K-
horizon), is convex upward, and located at a depth of 4 km (be-
neath the volcano) and 6.5 km (peripheral zones). The magmatic
body is overlain by a cap of highly fractured hard rocks (HHOR in
Figs 7a–c), approximately 2 km thick, hosting the deep geothermal
reservoirs of the area (Barelli et al. 2010; Sbrana et al. 2015). The
top locally corresponds to a shallower seismic reflector (H-horizon
in Fiordelisi et al. 2005; Casini et al. 2010; Giustiniani et al. 2015).
Both the magmatic body and the cap of fractured rocks are char-
acterized by a density of 2.35 g cm−3, significantly lower than that
of the surrounding upper crust rocks. This geological layer, due to
its depth and nature, is not effectively imaged by seismic reflection
profiles, nor reached by any deep well. Few of them, however, could
possibly reach the HHOR body (i.e. the geothermal deep reservoir).

The depth of this complex low-density body, consisting of two
different geological layers, corresponds to the deeper source, im-
aged by our spectrum analysis (see Section 3.2) at a depth of about
3.29 km.

In comparison to previous studies, developed approximately 20 yr
ago, our modeling is based on an upgraded 3-D modeling procedure,
applied to an improved geological model, constrained by recent
geological and geophysical data set.

From the geometric point of view, in our model, the magmatic
intrusion is similar to the thin, flatten mushroom shape proposed by
Gianelli et al. (1988). However, in ours, the density of the magmatic
body is higher and possibly more realistic (2.35 versus 2.15 g cm−3).
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Our reconstruction significantly differs from that proposed by
Bernabini et al. (1995), in that the magmatic source is significantly
shallower and upward convex. Moreover, in Bernabini et al. (1995),
the magmatic intrusion extends to a much greater depth, up to 11.5–
13.5 km below the K-horizon, pervading the whole upper crust.

We produced the first vertical derivative map (see Section 3.1),
which helped to define the geometry and the extension of the main
gravity signals of the study area thus improving: interpretation of
the gravity minimum signal observed beneath the Mount Amiata,
internal feature of the Radicofani Basin (depicting the position
of the depocentres of the basin and the thresholds areas), as well
as the short-wavelength signal related to the geothermal fields of
Piancastagnaio and Bagnore.

The obtained results are strongly constrained by the methodol-
ogy of analysis used. First, the starting data, both the gravimetric
measures used to compare the calculated anomalies and the geome-
tries and densities of the starting subsurface model, was derived
from a complete and recently updated geological and geophysical
database. Furthermore, the use of different gravimetric data analysis
approaches (i.e. the calculation of the first vertical derivative of the
gravity signal, estimation of the depth source and the pseudo-3-D
forward modeling) was successful in obtaining and constraining the
size and depth of the sources responsible for the observed gravimet-
ric data in the area. Only with well-constrained geological and geo-
physical information and different but complementary approaches
in gravimetric signal studies, it is possible to obtain a unique inter-
pretation of anomalies trying to overcome the non-uniqueness of
the interpretation of the potential methods.

By using magma composition (Ochs & Lange 1999; Klöß 2000)
and gravity anomaly modeling, we reached two slightly different
density values (2.45 and 2.35 g cm−3, respectively). This discrep-
ancy is due to the fact that the magma composition model does not
take into account the presence of free fluids in the system as well as
porosity, which may significantly reduce the density value.

The density we obtained using gravity anomaly modeling is sim-
ilar to the value calculated by Schiavone & Loddo (2007) at Mount
Etna for a low-density body, interpreted as a bubble and liquid
magma mixture. In addition, this density value falls in the den-
sity range computed by Del Potro et al. (2013) in a study on the
Bolivian Altiplano, considering dacitic melt (2.30 g cm−3) and
crystallized dacite (2.65 g cm−3) as the two end-members. Saxby
et al. (2016) interpreted a low-density structure individuated in the
Ilopango caldera (El Salvador) as resulting from a complex shallow
plumbing system composed of magmatic and fractured hydrother-
mal reservoirs with a considerable vapour fraction. It is challenging
to establish with certainty the source of the gravity relative min-
imum observed beneath Mount Amiata. However, in the light of
the studies mentioned above, the constrained density value cannot
be justified by a remnant solidified magma chamber, but by either
intensively fractured rock volume filled with hydrothermal fluids or
partially melted rocks.
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