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SCIENCE

Geology of the Pleistocene volcano of Monte Amiata (Southern Tuscany, Italy)
Claudia Principea,b, Luigina Vezzolia,c and Sonia La Felicea

aIstituto di Geoscienze e Georisorse, CNR, Pisa, Italy; bOsservatorio Vesuviano, INGV, Napoli, Italy; cDipartimento di Scienze e Alta 
Tecnologia, UNI-Insubria, Como, Italy

ABSTRACT  
Monte Amiata (305–231 ka; Italy) is an uncommon example of an entirely effusive silicic (mainly 
trachytic) composite volcano. A detailed geological map (1:25,000 scale) based on Unconformity 
Bounded Stratigraphic Unit criteria is presented accompanied by volcano-tectonic, stratigraphic 
relationship, and volcano evolution schemes. The volcanic facies analysis and structural analysis 
criteria have been applied to decipher Monte Amiata’s geological evolution and structure, and 
to infer the relations between volcanism and regional tectonics. Based on the occurrence of a 
first-order geological unconformity representing a paleo-weathering surface of paleoclimatic 
significance, two major volcanic stratigraphic units and seven phases of activity are recognized.  

Highlights 
. Monte Amiata is a volcano with the rare peculiarity of being completely silicic and effusive
. The produced, detailed, geological map has been the primary tool for the comprehension of the 

history of the volcano and will be the primary tool for land management
. Using of the Unconformity Bounded Stratigraphic Units hallowed us to reconsider Monte 

Amiata not as an isolated volcanic body but as a part of the geology of this portion of 
Southern Tuscany.

. At Monte Amiata, where the second largest Italian geothermal field is located, a complete 
geological picture means giving substantial help to geothermal resource development
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1. Introduction

Monte Amiata (42°53′15′′ N, 11°37′24′′ E) belongs to 
the so-called Tuscan Magmatic Province, in central 
Italy (Figure 1). The province formed in the inner sec
tor of the Late Cretaceous–Early Miocene Northern 
Apennine thrust-and-fold belt and appears related to 
crustal thinning and asthenosphere upwelling associ
ated with a Miocene-Quaternary extensional tectonic 
regime that favored the partial melting in lower 
crust and mantle (Brogi, 2008; Gianelli et al., 1997). 
Magmatism in the province extended from 8 Ma to 
0.2 Ma and includes plutonic and volcanic rocks. 
Monte Amiata is the youngest volcanic activity of 
the province. Its volcanic products overlay a sedimen
tary substratum represented by marly limestones and 
calcareous sandstones of Mesozoic-Cenozoic age 
(Pandeli et al., 2005).

Monte Amiata area was famous in the past because 
of the presence of diatomaceous earth (Vezzoli et al., 
2021), earth pigments (Vezzoli & Principe, 2022), 
and ore-deposits of mercury (Dini, 2017). Nowadays, 
sources of drinking water, extensive woods, and 
geothermal resources (Barelli et al., 2010) represent 
this isolated relief’s richness.

Monte Amiata is a Middle Pleistocene volcano cul
minating at 1738 m above sea level. Volcanic deposits 
rise from 1000 to 1500 m in height on the sedimentary 
substratum surrounding the volcano.

Volcanic activity developed between 305 and 231 ka 
(Laurenzi et al., 2015; Laurenzi & La Felice, 2017). 
Monte Amiata has a place in the history of volcanol
ogy because in 1733, firstly in the world, was recog
nized as an extinct volcano (Vezzoli & Principe, 
2020), and in 1958, while studying Monte Amiata 
deposits, Alfred Rittmann developed the concept of 
‘rheoignimbrite’ (Principe & Vezzoli, 2020).

The reconstruction of stratigraphy and its relation
ships with regional tectonics and volcano-tectonics are 
the elements at the base of the proposed geological 
evolution and structure of the volcano (Vezzoli 
et al., 2022; Vezzoli & Principe, 2023). This paper pre
sents the geologic map at 1: 25,000 scale of Monte 
Amiata volcano (Supplementary Material_1).

2. Mapping methodology

The stratigraphic reconstruction is based on recogniz
ing numerous lithostratigraphic units (Formation, 
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Fm). Many of which are composed of various litho
somes. These lithostratigraphic units were grouped 
into the appropriate Unconformity Bounded Strati
graphic Units (UBSU) (synthem and subsynthem; 
sensu Salvador, 1987, 1994), based on the finding in 
the field of geological discontinuities (Vezzoli & Prin
cipe, 2023).

The outcrops map produced during fieldwork is 
reported in the geological map in Supplementary 
Material_1, to facilitate the access to significant geo
logical sites. The sedimentary substrate has not been 
considered. The survey was carried out using the 
Regional Technical Map at 1:10,000 scale of the Tus
cany Region as a topographic basis, and the geology 
returned at 1:25,000 scale. The map is divided into 4 
sectors defined on stratigraphically homogeneous 
areas, i.e. where direct overlapping relationships 
between the units reconstructed the stratigraphic 
sequence. Nonetheless, the reconstructed stratigraphy 
shows some uncertainties in the case of some of the 
smaller lithosomes which do not have any direct stra
tigraphic relationship. Vents was positioned when 
presents, and source areas covered by more recent 
deposits was reported as inferred for each one evolu
tive phase reconstructed into the sketch (C) of the 
map in Supplementary Material_1. Tectonic and vol
cano-tectonic fragile elements found during the field 
survey are reported on the map and helped define 
geometrical relationships between lithosomes. Petro
graphic descriptions of the rocks in the map legend 
are made at the scale of the hand-sample to facilitate 

the identification of the various units in the field, based 
on the characteristics of volcanic textures (following 
McPhie et al., 1993), groundmass (gm), the grain-size 
and relative abundance of phenocrysts (pheno) and 
mega-phenocrysts, and the presence of glomerophyres 
(gl), magmatic enclaves (ME) and metasedimentary 
xenoliths (MSX). Mineral names in legend are abbre
viated following Whitney and Evans (2010). Rock 
names are based on the TAS classification diagram if 
chemical analyzes are available and on the mineral para
genesis if not (Le Maitre, 2002, p. 39).

3. UBSU based geological evolution

Volcano stratigraphy is subdivided into two synthems 
and seven subsynthems. A first-order geological 
unconformity, represented by a saprolite paleo-weath
ering surface (Principe & Vezzoli, 2021) marks the 
unconformity between the older Bágnore Synthem 
(BAS) and the younger Monte Amiata Synthem 
(MAS). The sketch (A) inside the map in Supplemen
tal Material_1 shows the saprolite areal distribution. 
The Monte Amiata saprolite consists of a soft, friable, 
from yellowish to reddish sandy material with granu
lar fabric, deriving from different degrees of alteration 
of the trachydacite lavas constituting the older BAS 
units of Monte Amiata volcanics (Principe & Vezzoli, 
2021) (Figure 2).

Inside the BAS units, long and distinct sheet-like 
lava flows (SLLFs; Vezzoli et al., 2022) are prevailing 

Figure 1. Monte Amiata inside Tuscan Magmatic Province (bold dashed line) in central Italy (modified from Vezzoli & Principe, 
2023).
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and form large and flat morphologies up to the slopes 
of the volcano, in addition to a minor number of 
stacks of large and long lava flows, overlapping and 
anastomosed. Differently, the main characteristic of 
the younger MAS is several exogenous lava domes, 
coulées, and short and thick lava flows, mainly 
grouped in the axial portion of the elongated volcanic 
body. A restricted number of SLLFs is also present 
inside this portion of the volcanic sequence.

The complete volcanic history (Vezzoli & Principe, 
2023) can be synthesized, from bottom to top, using 
seven phases of activity corresponding to the seven 
mapped subsynthems and displayed into the sketch 
(C) of the map in Supplemental Material_1. Figures 
3–5 show some volcanic facies peculiarities that 
characterize the different Monte Amiata volcanic 
units.

Phase 1 – Bagnòlo Subsynthem (BSS): Individual 
sheet-like lava flows (generally 8 km long and 90–30 
m thick); the lavas show sub-vertical columnar joint
ing, basal autoclastic breccia, basal and frontal stratifi
cation, a massive core, coherent non-vesicular top 
surface, and flow-front ramp structures. Angular 
unconformity and change in the eruptive style mark 
the passage at the following phase.

Phase 2 – Faggia Subsynthem (FSS): It consists in 
only one mapped unit (Marroneto Fm), forming an 
oblong effusive volcanic edifice, which emerges over 
a large area and outcrops in three sectors of the map 
in Supplemental Material_1. This wide lithosome 
was built by numerous thin, overlapping, channelized 
lava flows, with basal scoriaceous and autoclastic brec
cia. An angular unconformity distinguishes this phase 
from the following.

Phase 3 – Montearioso Subsynthem (MSS): Exten
sive individual sheet-like lava flows generally 7 km 
long and 80–50 m thick; on the lava surfaces there 
are repeated arcuate transversal rigdes (ogives). Only 
one exogenous lava dome is present with associated 

coulées (Sasso della Vettoria Fm). An intra-volcanic 
paleosurface associated with paleo-weathering (sapro
lite), erosion events, and tectonic deformations ended 
this phase and the BAS.

Phase 4 – Valle Gelata Subsynthem (GSS): Long (5– 
6 km) and thick (70–50 m) individual sheet-like lava 
flows and exogenous lava domes are present. Lava 
flows show sub-vertical columnar jointing, planar 
dm-m-thick bedding, flow-front ramps, and autoclas
tic basal breccia. Ogives are present on the flow sur
faces. Bedding is defined by alternating massive and 
highly vesicular lava inside the exogenous lava 
domes. Vents are entirely buried by younger lavas or 
displaced by tectonics. The recognizable volcanic 
lithosomes are dissected by volcanic rift faults and 
have lost their morphological entirety.

Phase 5 – Valle dell’Inferno Subsynthem (ISS): It is 
characterized by the emplacement of exogenous lava 
domes with coulées and stubby lava flows (1–1.5 km 
long, 1–0.2 km large). The lava flows show ogives on 
the surface and an internal structure that can be mas
sive or stratified, and locally coarse vesicular, with flow 
laminations. Vents generally are buried by younger 
lavas, and the primary volcanic morphology of litho
somes is only partially recognizable due to the tectonic 
deformations.

Phase 6 – Prato della Contessa Subsynthem (PSS): It 
comprises exogenous lava domes (1–0.7 km in diam
eter, 250–200 m high) with associated numerous cou
lées, and lava flows. The domes’ structure has a 
massive core with irregular columnar joints and a red
dish scoriaceous carapace. Lava flows are stratified 
with planar beds, which are dm-to-m thick, and fre
quently valley-pond. Vents are NE-trending eruptive 
fissures, and the primary volcanic morphologies are 
well recognizable although they are cut by NNE- and 
NE-striking faults belonging to the recognized volca
nic rifts (Figure 6).

Phase 7 – La Croce Subsynthem (CSS): It comprises 
individual small lava flows, sometimes valley-pond, 
and one exogenous lava dome (La Vetta Fm, at the 
summit of Monte Amiata). This one is forming a 
NE-trending rampart, with an N-flowing coulée. 
Vents are isolated, positioned along NW- and NE- 
trending eruptive fissures of the summit volcanic rift 
(Figure 6), and have well recognizable structure and 
morphology identifiable by scoriaceous textures and 
sub-vertical flow planes. These units are not deformed 
by volcano-tectonics or regional tectonics.

4. Volcano-tectonics

The existence of Monte Amiata volcano is connected 
with the long-lasting activity of the regional NE-SW 
striking Bágnore-Bagni San Filippo transtensional 
shear zone (sketches A and D on the map of Sup
plemental Material_1) described by Brogi et al. 

Figure 2. The abrupt and irregular contact between the paleo- 
weathering saprolite unit with core-stones (cs) and modern 
(post-volcanic) soil (modified from Principe & Vezzoli, 2021).
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(2010). Nevertheless, the presence, on the southern 
slope of the volcano of pairs of E-W-trending parallel 
normal faults facing each other and defining linear 
depressions in between (see the map of Supplemental 

Material_1), suggests post-depositional processes of 
fracturing and gravity-sliding of the lava package. 
These surficial deformations were probably favored by 
the occurrence in the sedimentary substrate of the 

Figure 3. Bágnore Synthem. Piancastagnaio Fm: (a) contact between two sheet-like lava flows; (b) detail of the contact with basal 
breccia; (c) mingling structures; (d) flow structures; (e and f) mingling structure into the Abbadia San Salvatore church facade; 
(g and h) Sorgente del Fiora Fm flow structures.
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volcanic sequence of the unit called ‘Argille a Palom
bini’ composed mainly of shales (Pandeli et al., 2005).

The repeated action of the regional NE-SW striking 
Bágnore-Bagni San Filippo transtensional shear zone 

originated a series of volcanic rifts, active at different 
times during the volcano life, and allowed the rising 
of magma from a deep crustal reservoir (Vezzoli 
et al., 2022). Two main volcanic rift zones developed, 

Figure 4. Monte Amiata Synthem. La Croce Subsynthem. Macinaie Fm: (a and b) lava flow outcrops; (c) the scoriaceous basal 
contact; (d) millstone made of the Macinaie lava (millstone is ‘macina’ in Italian). La Croce Subsynthem: (e and f) Cancelle Fm 
lava flow; Fosso La Cocca Fm (g) and Ermeta Fm (h) lava flows.
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the first and oldest one was positioned in the south
western sector, along the northwestward propagation 
of the Bágnore fault, and is now covered by the 
younger deposits of the volcano. The second and 
youngest rift zone is defined by the apical linear cluster 

of vents, eruptive fissures, and faults (Figure 6). The 
tectonic elements, volcanic fissures and vents attribu
tion to a defined volcanic rift episode has been per
formed on a geometric and stratigraphic base 
(Vezzoli & Principe, 2023).

Figure 5. (a–e) Metasedimentary xenoliths and (f–h) magmatic enclaves inside the Monte Amiata lava.
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5. Petrochemistry
The composition of Monte Amiata lavas ranges from 
latite (the potassic variety of trachyandesite) to tra
chite/trachydacite (with SiO2 = 57–68 wt % and 
Na2O + K2O = 7–9 wt %; see Supplementary 
Material_2) (Cadoux & Pinti, 2009; Conticelli et al., 
2015; Ferrari et al., 1996; La Felice et al., 2017; Poli 
et al., 1984; Rombai et al., 1995; Vezzoli et al., 2022). 
In Figure 7, two classification diagrams are proposed 
for Monte Amiata volcanics, the R1–R2 plot of De 
La Roche et al. (1980) and the TAS diagram of Le Mai
tre (2002). They show essentially the same result, with 
more emphasis in diagram R1–R2 on the basaltic or 
basaltic-prone composition of the magmatic enclaves. 
The chemical variation inside each one subsynthem is 
shown in Figure 8.

Lava flows and lava domes contain in variable pro
portion millimetric to pluri-decimetric size metasedi
mentary xenoliths (MSX) and magmatic enclaves 
(ME) (Figure 5). The ME composition ranges from 
trachybasalt to latite (SiO2 = 47–59 wt% and Na2O +  
K2O = 5–8 wt%; Figure 7) (Rombai et al., 1995; van 
Bergen et al., 1983). The chemical range of Monte 
Amiata lavas (Figure 7) can be explained with different 
degrees of mingling/mixing between ME/MSX and 
silicic magmas (La Felice et al., 2017; Vezzoli et al., 
2022), a fact that undermines the meaningfulness of 
chemically-based rock classification. Different lava 
types can be distinguished on the field, based on the 

paragenesis, abundance of crystals and structures 
(e.g.; Figure 9).

Monte Amiata extensive sheet-like lava flows 
(SLLFs; Vezzoli et al., 2022) are all trachydacite, gener
ally highly porphyritic (about 40% according to Cris
tiani & Mazzuoli, 2003), medium to coarse grained, 
with maximum dimensions of the phenocrysts rarely 
exceeding 1 cm. The most abundant phenocrysts are 
plagioclase and K-feldspar, orthopyroxene and biotite, 
rarely clinopyroxene. Embayed quartz, and other 
accessory minerals (i.e. apatite, ilmenite, and zircon) 
are rare. Various combinations of minerals (mainly 
pl + px + bt) appear in glomerophyres, whose origin 
is unclear, probably fragments of disrupted cumulates 
or of the contact aureole (van Bergen et al., 1983). 
Content in ME is scarce, while tabular MSX are 
more frequent.

The lava domes, coulées, and the short lava flows 
are medium to high porphyritic ranging from 26 to 
34% (Cristiani & Mazzuoli, 2003; Landi et al., 2019). 
They have similar mineral paragenesis than SLLFs, 
with more frequent presence of olivine and clinopyr
oxene and minor biotite. The distinctive macroscopic 
characteristic of these products is the presence of K- 
feldspar megacrysts (from 1 to 5–6 cm long) coupled 
with abundant ME (Cadoux & Pinti, 2009; Conticelli 
et al., 2015; Ferrari et al., 1996; La Felice et al., 
2017). The glomerophyres are also abundant whereas 
the MSX are scarce.

Figure 6. The four summit volcanic rift systems affecting the apical portion of Monte Amiata Volcano, and their relationship with 
the subsynthemic units (modified from Vezzoli & Principe, 2023).
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The groundmass of Monte Amiata lavas shows 
highly heterogeneous textures from glassy (frequently 
perlitic) to microcrystalline, sometimes with devitrifi
cation textures (spherulites), and with the precipi
tation of secondary minerals in vesicles (e.g. 
cristobalite; Landi et al., 2019).

ME are low porphyritic, fine-grained rock with 
vesicular microcrystalline groundmass. Phenocrysts 
are mainly xenocrysts of Kfs, pl, bt and opx from 
the host rock (trachydacite) with high disequilibrium 
textures such as embayments and resorbed rims. 
They show rounded or ameboid shape with crenulate 
and chilled margins in contact with the host rock 
(Figure 5g).

The different amounts of incorporated Kfs crystals 
(Figure 5h) justify the scattering of ME chemical data 
shown in Figure 7. ME also contains clinopyroxene, 
mica (biotite or phlogopite), plagioclase and K-feld
spars with skeletal textures typical of rapid crystalliza
tion. MSX show tabular shapes (Figure 5a–g), contact 
aureole and reaction coronae strongly transformed by 
incorporation in magma (Rombai et al., 1995; van Ber
gen & Barton, 1984).

In the TAS diagram (Figure 7) a selection of litera
ture data from Monte Amiata volcanics is reported 
(Cadoux & Pinti, 2009; Conticelli et al., 2015; Ferrari 
et al., 1996; Vezzoli et al., 2022) as well as new data 
(Supplementary Material_2). The selection of litera
ture data is based on the precise re-positioning of 
samples in the stratigraphy reconstructed in 
this work. The data show that there is no homogen
eity between the stratigraphic unit to which samples 
belong and its chemical composition. In addition, 
as observed by Vezzoli et al. (2022), the SLLFs all 
have the same chemistry, but even these volcanic 
facies and related chemistry are not exclusive to a 
single unit. In other words, the units defined in this 
work are lithostratigraphic units that do not follow 

the criteria of chemical homogeneity, as often hap
pened in the past.

6. Final remarks and conclusions

This work represents the final act of a series of works 
on Monte Amiata which have ‘re-discovered’ this vol
cano. In Italy, Monte Amiata had been wholly neg
lected after a period of strong notoriety in 
pioneering times for volcanology.

From this studies some peculiarities of Monte 
Amiata volcano emerge such as (i) the complete and 
rare effusive character; (ii) the presence of a peculiar 
type of long-distance flowing silicic lavas (SLLFs); 
(iii) the strong involvement in the volcanic evolution 
of a regional tectonic element, the Bágnore-San 
Filippo fault, that produced volcanic rift zones, and 
that acted during the entire volcano life as the struc
ture allowing the rising from depth of mafic magma 
and the eruption of long-time-resident silicic 
magma. Furthermore, (iv) the presence of a saprolite 
surface, clearly dividing the eruptive activity into 
two main periods, and representing evidence of a vol
canic stasis and climate change, inserts an evident 
reference to a non-volcanic and geologically-valuable 
element into the volcanic history.

The basis of these results is the large-scale cartogra
phy of the volcanic units presented here (Supplemen
tal Material_1), through which the different types of 
volcanic deposits were described, compared, and 
mapped. The proposed cartography has changed the 
perception of Monte Amiata volcano, going away 
from the idea of an edifice composed of a few extensive 
lavas at the base  – or even explosive episodes – and 
domes in the summit, as it was described until now. 
Now a different volcanic evolution has been possible 
to reconstruct, made up of at least 7 different evolution 

Figure 7. R1–R2 (top) and TAS (bottom) classification diagrams. Literature data (open symbols) are selected analyzes from Cadoux 
and Pinti (2009); Conticelli et al. (2015); Ferrari et al. (1996); filled symbols: this work; q factor: Q*100 / (Q + or + ab + an).
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Figure 8. TAS classification diagrams for each one subsynthem. Literature data (open symbols) are selected analyzes from Cadoux 
and Pinti (2009); Conticelli et al. (2015); Ferrari et al. (1996); filled symbols: this work; q factor: Q*100 / (Q + or + ab + an).
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stages governed by the interaction of the rising magma 
with the geological and structural framework.

For the presence of the geothermal fields currently 
under exploitation at the periphery of the volcano, 
these results can guide for possible expansions and 
improvements in the exploitation of this renewable 
resource.

Software

Data collected during the fieldwork were managed and 
processed using Corel Draw and Adobe Illustrator soft
ware and then imported, using Esri ArcGIS™, compiling 
a geo-referenced database, based on vector objects orga
nized in shape-files and using raster data as support.

Figure 9. Macroscopic characters of Monte Amiata lavas. (a) Vivo Fm; (b) La Montagnola Fm; (c) Trecase Fm; (d) Pozzaroni Fm; (e) 
Poggio Falco Fm; (f) Sasso della Vettoria Fm; (g) Pianello Fm; (h) Macinaie Fm.
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