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High-enthalpy Larderello geothermal
system, Italy, powered by thousands of
cubic kilometres of mid-crustal magma
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Thousands of cubic kilometers of magma lie in the upper crust below supervolcanoes such as
Yellowstone (USA), Toba (Indonesia), and Taupo (New Zealand). Most of these systems are identified
because of surface geomorphology and eruptive deposits. Recognizing such volcanoes without
surface evidence is challenging, causing large magmatic reservoirs to go unnoticed. The Tuscan
Magmatic Province, Italy, features only sparse Quaternary volcanic activity, but subsurface data
indicate the presence of supercritical fluids at shallow depths. Here we show that more than 5’000 km?
of magma and partial melt are stored in the middle crust of the Tuscan Magmatic Province, Italy. This
fuels the high-enthalpy geothermal systems of the region. Such volumes are comparable to those of
mid-crust reservoirs beneath recognized supervolcanoes. The discovery of large volumes of magmaiis
critical to explain the long-term evolution of mature magmatic systems and to understand the behavior

of large magmatic provinces.

In continental regions, large reservoirs of highly viscous partial melt can be
stored in the crust'’. Their surface expression consists of subsidence-driven
caldera-like morphology, which can extend over 100 km* (or more). Such
systems have generated massive and catastrophic eruptions, producing
thousands of cubic kilometers of volcanic material (e.g., Yellowstone and
Long Valley in the USA, Toba in Indonesia)’. These deposits are thought to
result from magmas that ascend from the upper mantle into the crust*’.
These deep reservoirs feed shallower, sub-horizontal reservoirs in the
middle crust, which can extend for dozens of kilometers in diameter’.
The western coast of Italy is marked by volcanic systems that in the past
have produced VEI 7 eruptions, like the Colli Albani" or the currently
inflating Campi Flegrei caldera'"". Further North, in a similar geodynamic
setting, lies the Tuscan Magmatic Province (TMP) featuring small-sized
silicic shallow-level plutons" and volcanic products, but where no major
Holocene eruptions have been identified (the most recent eruptions are
those of the Mt. Amiata about 300-200 ka'*). The lack of volcanic eruptive
features does not reconcile the subsurface data of the Larderello-Travale
geothermal system (LTS), indicating an extreme heat flow locally reaching

up to 1000 mWm " (Fig. 1). This causes a geothermal gradient reaching
more than 150 °C km ™, intense microseismicity and the suggested occur-
rence of super-critical fluids at shallow depths'® with temperatures that
locally exceed 500°C at about 3 km depth'.

The presence of magma at depth has been postulated for the LTS, but
boreholes", active seismic profiles', gravimetric"’, electromagnetic®, pas-
sive seismic imaging’"”, and low-temperature thermochronology” data
have not provided a definitive answer (so far). However, active seismic
acquisitions speculate the occurrence of intrusions at about 10 km depth™.
Unfortunately, previous passive seismic imaging studies in southern Tus-
cany have either covered large areas with sparse seismic networks™ > or
focused on small regions with dense seismic deployments’*>*. This
resulted in incomplete imaging of the geothermal system, in particular its
deeper feeding regions. We deployed a network of 30 broadband seism-
ometers from September 2020 to September 2021 to integrate the publicly
permanent Italian (INGV) seismic network (Fig. 1) and process the data to
perform an Ambient Noise Tomography (ANT)*>"". We used more than 60
broadband seismometers (see Fig. 1) to reconstruct the velocity structure of

"Department of Earth Sciences, University of Geneva, Geneva, Switzerland. Research School of Earth Sciences, Australian National University, Canberra, ACT,
Australia. ®Istituto Nazionale di Geofisica e Vulcanologia, Pisa, Italy. “Institute of Geosciences and Earth Resources, National Research Council of Italy (CNR),
Florence, Italy. *Department of Earth Sciences “A. Desio”, Universita degli Studi di Milano, Milano, Italy. Invert SA, Canton Vaud, Switzerland. “Institut Terre et
Environnement de Strasbourg, Université de Strasbourg/CNRS, Strasbourg, France. Department of Earth Science, University of Florence, Florence, Italy.

e-mail: matteo.lupi@unige.ch; ivan.cabrera-perez@unige.ch

Communications Earth & Environment| (2026)7:269


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-026-03334-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-026-03334-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-026-03334-0&domain=pdf
http://orcid.org/0000-0002-2351-6371
http://orcid.org/0000-0002-2351-6371
http://orcid.org/0000-0002-2351-6371
http://orcid.org/0000-0002-2351-6371
http://orcid.org/0000-0002-2351-6371
http://orcid.org/0009-0003-9972-3646
http://orcid.org/0009-0003-9972-3646
http://orcid.org/0009-0003-9972-3646
http://orcid.org/0009-0003-9972-3646
http://orcid.org/0009-0003-9972-3646
http://orcid.org/0000-0003-3011-6939
http://orcid.org/0000-0003-3011-6939
http://orcid.org/0000-0003-3011-6939
http://orcid.org/0000-0003-3011-6939
http://orcid.org/0000-0003-3011-6939
http://orcid.org/0000-0003-2915-1446
http://orcid.org/0000-0003-2915-1446
http://orcid.org/0000-0003-2915-1446
http://orcid.org/0000-0003-2915-1446
http://orcid.org/0000-0003-2915-1446
http://orcid.org/0000-0003-4818-8076
http://orcid.org/0000-0003-4818-8076
http://orcid.org/0000-0003-4818-8076
http://orcid.org/0000-0003-4818-8076
http://orcid.org/0000-0003-4818-8076
http://orcid.org/0000-0002-7112-7047
http://orcid.org/0000-0002-7112-7047
http://orcid.org/0000-0002-7112-7047
http://orcid.org/0000-0002-7112-7047
http://orcid.org/0000-0002-7112-7047
http://orcid.org/0000-0002-5774-7119
http://orcid.org/0000-0002-5774-7119
http://orcid.org/0000-0002-5774-7119
http://orcid.org/0000-0002-5774-7119
http://orcid.org/0000-0002-5774-7119
http://orcid.org/0000-0001-5464-3384
http://orcid.org/0000-0001-5464-3384
http://orcid.org/0000-0001-5464-3384
http://orcid.org/0000-0001-5464-3384
http://orcid.org/0000-0001-5464-3384
http://orcid.org/0000-0002-6797-5190
http://orcid.org/0000-0002-6797-5190
http://orcid.org/0000-0002-6797-5190
http://orcid.org/0000-0002-6797-5190
http://orcid.org/0000-0002-6797-5190
mailto:matteo.lupi@unige.ch
mailto:ivan.cabrera-perez@unige.ch
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03334-0

Article

AT

ancasta Yé@
R

! ianosa
\ &P Formiche W
f j Tl : A7
/ g Montecristo % A
» ’J " glio Giannutri |0
o4 SN T :

Fig. 1 | Map showing the spatial distribution of the seismic networks used in this
study, which comprises 63 seismic sites (red triangles) in total. The network
implements the stations of the INGV, RSNI, AASN, and RESIF networks with
temporary stations. The major geothermal centers of Larderello, Radicondoli and
Piancastagnaio are shown by the green circle, yellow star and pink circle, respec-
tively. The white contour lines show the heat flow of the region that reaches peaks of
extreme heat flow (up to 1000 nWm?)"” in the Larderello region. White circles show
the distribution of main hydrothermal springs, and the black lines indicate the
strikes of major regional faults. The inset map shows the location of the study area
within Italy. The dashed red line indicates the strike of the inferred transfer zone”.
The blue lines indicate the strikes of the cross-sections shown in Fig. 3.

the middle to upper crust of southern Tuscany. Then, we applied the ANT
workflow to obtain the 3-D S-wave velocity model. This consists in the pre-
processing of ambient noise signals, cross-correlation of ambient noise for
pair of stations, extraction of dispersion curves for each pair, and generation
of 2-D group velocity maps for different periods using a regularized linear
least-square inversion approach’ . Finally, we perform a 1-D depth
inversion using a McMC transdimensional Bayesian inversion
approach™”. Details about the methodology are fully described in
the supplementary online material.

Results

We obtained a 3-D shear wave velocity (V) model of the upper 15 km of the
crust of Tuscany. We plot absolute and relative velocity variations across our
model (Figs. 2, 3). To compute the anomaly maps, we use the 1-D reference
model that is defined as the average V profile at each depth, calculated from
the ambient noise model. For each depth, all V; values are extracted and
averaged to create the background model. Relative V variations are then
computed as percentage deviations from this mean. The absolute and
relative seismic velocities (Fig. 2) show transitions between fast and slow
domains. At about 3 km depth the fast anomalies broadly fit the Tuscan
metalliferous region’” (e.g., centered around Gavorrano). This NW-
striking fast body departs from Venturina and flanks the Tyrrhenian coast
reaching about the Southern limit of our model. From Venturina, such a fast
body seems to reach the eastern margin of Elba Island. Interestingly, the
surface expressions of the hydrothermal centres, often coincide to a tran-
sition zone between fast and slow anomalies (e.g., Venturina, Larderello,
Rapolano and Bagni di Petriolo in Fig. 2). The NE-striking transition

between faster and slower bodies departing from Eastern Elba and reaching
Larderello and even Radicondoli, fits surprisingly well the direction of
postulated transfer faults™ that are proposed to accommodate deformation
in the region (Fig. 1).

At increasing depth (Fig. 2, 8 km depth) the NW-striking fast body
becomes more prominent. Its fastest domain mimics the surface expression
of the TMP enriched in ore deposits™. In the central and Southeastern parts
of our model, two low-shear-wave regions become more prominent. Both
the geothermal fields of Larderello and Radicondoli seat on the shoulders of
such a region. Similarly, the center of the Amiata geothermal field (i.e.,
Piancastagnaio) occurs at the limits of the low velocity domain in the South-
East. These two slow-velocity zones are subelliptical in shape, with a minor
axis striking between WNW and NNW (e.g., appenninic). At 12 km depth
the regions are prominent, absolute shear wave velocities drop down to
about 1.2km/s at the core of such anomalies. The low-velocity zone
becomes more diffuse towards the west and features a sharp transition into
the fast units beneath the Gavorrano pluton.

The two vertical profiles (Fig. 3) cutting through some of the most
relevant geological features show prominently low shear wave values lying
below the major geothermal systems of Tuscany. In particular, along the
NE-striking section, a sub-vertical domain of low V; departs from the
bottom of our inversion (conservatively cut at 15 km depth) and rises to
about 8 km depth, below the LTS (Fig. 3). The SW margin of such an
anomaly is sub-vertical in shape, and at about 10 km depth the contrast with
most competent units is clear. On top of such a structure lies a region of
(less-) slow shear waves compared to the surrounding regions. The per-
pendicular NW-striking cross-section cutting through the southern geo-
thermal systems of Piancastagnaio-Amiata, shows that such a prominent
low V; region is not an isolated plume, but rather a widespread feature in the
TMP. Instead, it is part of a particularly low shear wave domain that extends
sub-horizontally southwards up to the Amiata geothermal system. Inter-
estingly, the Mt Amiata, is the only volcano recognized in the region to have
had activity during the Middle Pleistocene™.

Discussion

We image in detail the seismic velocity structures of the upper 15 km of the
crust in TMP. Resolution tests show that we can rely on inversions up to
15 km depth (see the supplemental online material, e.g. checkerboard (S9),
kernels (S11), V; uncertainty (S16)). The occurrence of cooling magmatic
bodies in the middle crust of the TMP have been postulated in the past by
several authors™*, The comparison with available data seem to support the
robustness of our inversion. The CROP-18A* runs sub-parallel to our NW-
striking profile (Fig. 3). Its interpretation™ indicates a transition zone
between 3 to 4 km depth that we also detect. This region, named
K-horizon'*****, is a debated feature. Authors argue that it may represent
either a tectonic' or a rheological boundary” or the accumulation of
supercritical fluids at depth*’. Our tomography contours and points out the
extent of such a region. The K-horizon seem to be a transition zone
enveloping the domain surrounding the sub-vertical low-velocity regions in
the middle crust (Fig. 4).

With increasing depth, the velocity of shear waves is expected to
increase in the continental crust. In geothermal and volcanic systems, this is
often not the case because of the hydrothermal and magmatic fluids
encountered at depth. We argue that the prominent reduction of shear
waves shown in Figs. 2, 3, and 4 is related to the occurrence of magmatic
fluids roofing up at about 3 km depth below the LTS. They roof at about
3 km depth where tourmaline indicating supercritical conditions have been
found"*. This is shown by the Venelle2 well drilled with the aim of
penetrating the roof of the cupola shown in Fig. 4. At 2.8km drilling
encountered pressures and temperatures of 42.5MPa and 512°C,
respectively””. The geothermal gradient increased sharply at 2750 m depth
where the temperature was 380 “C*. According to the phase diagram of
geothermal brines®, under these conditions, fluids are found in a super-
critical state. The occurrence of supercritical fluids at shallow depth implies
that the intrusions speculated to occur at depth cannot be cold.
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Fig. 2 | Shear-wave velocity and anomaly maps at different depths for the Tuscan Magmatic Province. Relative V variations are calculated by subtracting an average 1-D
V, depth profile of our model. Black triangles show the position of the seismic stations. The symbols are described in the caption of Fig. 1.

A vast literature reinforces the idea that magma is ponding somewhere
in the upper crust of the TMP. The TMP is affected by an extremely high
heat flow'>'”*’, gravity anomalies centered in Larderello" indicating denser
material at depth, and by the widespread fumarolic activity that char-
acterized this region (once called the Devil’s Valley) before the onset of

geothermal exploitation in the 19th century. The CROP-18 profile spec-
ulates about the potential occurrence of melts at about 10 km depth below
LTS (but not below the Amiata volcano)®. Teleseismic receiver function
studies point out a continuous pulse characterized by shear-wave velocities
aslowas 1.6 km s~ that could be modelled with a dome-like structure across
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equally large volume surrounding the melt. Below the Piancastagnaio system, the
volumes are estimated at least as large. However, the region falls at the margin of our
model and should therefore be better assessed.

9-12 km depth™. Also, teleseismic V,, point out a reduction of about 18% in
the middle crust below LTS, without being able to constrain the depth
because of the long wavelength of the teleseismic waves*.

Our inversion suggest the occurrence of V, as low as 1.25km s " at 10
km depth (Fig. 3). This corresponds to anomalies of about -40% (Fig. 4).
Such low velocities are commonly attributed to the occurrence of magma or
partial melt®. Constraints on the nature of the low-velocity zones are gained
assuming they are constituted by a melt-saturated porous granite, for which
melt fractions within the 20% - 40% interval are required to explain our
extremely-low V; values'*”". To shed light on the real nature of such low V
values, we used MageMin*. The methods and the assumptions are descri-
bed in the supplemental online material. To assess the fraction of melt that
may cause the low V values shown in Figs. 2, 3, we define 3 regions cor-
responding to -40% (V< 1.3kms™"),-30% (1.3 < V,< 1.8 kms™'),and -20%
(1.8 <V, 24km s7'). Results indicate that the low V, region below

Larderello shown in Fig. 3 has a core of melt with a liquid fraction higher
than 80% and an outer crystal-rich region where the liquid fraction is about
20% of the total volume. This translates into about 3000 km’ of partial melt
surrounded by a region of about 5000 km’ of crystal mush. The region below
mount Amiata held even larger volumes (at least twice as large). However,
the proximity to the limits of resolution of our model imposes a need for a
more robust assessment of the melt volume in the region, possibly through
additional seismic acquisitions. Additionally, our model is based on Ray-
leigh waves. Radial anisotropy is strongly positively anomalous in the
plumbing systems of supervolcanoes because of the interlayered sill
structure®. This may result in Love waves being faster than Rayleigh waves.

Our interpretation suggests large magmatic reservoirs in the middle
crustis in line with previous studies investigating similar geological contexts,
attributing such V; magnitudes to the occurrence of melts*>*"*. Strati-
graphic and morphological observations also suggest that these regions have
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Table 1 | Summary of key parameters for five major magmatic systems

Volcanic system Crustal reservoir

Heat Flow (mWm ?) or geothermal

Vertical deformation Largest Eruption (km°)

volume (km?®) gradient (C/km)
Toba, ID ~ 34,000 (< 15 km) ~130* At least 1.5 cm/yr™ since 74 ky 2800 - 5300%°
Taupé, NZ 200-1000 (5-8 km)®' ~ 700% Both subs. (tectonic) & uplift (magma > 530%

migration)®®

Long Valley, USA 6400 50 °C/km® ~ 0.8 m uplift (1975-2006)°° ~ 600-650°"
Yellowstone, USA  ~ 10’000 ( < 20 km)® 2000°® 7 cm/yr uplift® ~ 850"
Campi Flegrei, IT - (400°C at 3km’") ~ 1 m/yr uplift” 457-660"
LTS, IT ~ 5000 200-1000"° 500 m uplift since Pliocene; 0,13 mm/yr**  unknown

LTS stands for Larderello-Travale geothermal system.

experienced an uplift in the order of 500 m because of the emplacement of
granitic bodies in the upper crust™.

The volumetric estimates of the melts in the TMP are of the same order
of magnitude of those of some of the largest eruptive systems worldwide,
such as Taupd, Long Valley, and Yellowstone™**. All these volcanic sys-
tems featured super-eruptions. The literature excludes geological records of
major eruptions released by vents hosted in Larderello or in the TMP. The
300 kya Amiata eruption only featured minor volumes eruptive volumes (10
km®)”’ and the other eruptive centers did not produce any major volume.

The difference between a high-enthalpy geothermal and a volcanic
system lies in the occurrence of at least one documented eruptive event and
by an identified volcanic structure (i.e., cone or caldera). However, from a
quantitative geophysical perspective, the plumbing system of a caldera (e.g.
the Campi Flegrei) and the LTS are identical. They both share intense
shallow seismic activity, vigorous fluid flow, gravity anomalies, fumarolic
manifestations, and high heat flows resulting in extreme (volcano-like)
geothermal gradients. Furthermore, compared with known supervolcanoes,
the LTS features several parameters comparable to those of Yellowstone,
Taupo, and other calderas. For instance, the heat flow measured at the LTS is
comparable with the one measured in Yellowstone, while the volume of the
crustal reservoir we identify (about 5000 km® for LTS) is comparable to the
one mapped at the Long Valley caldera (Table 1). Yet, there is no recognised
eruption associated with the LTS.

Despite no existing morphological evidence or Holocene volcanic
eruptive products in the region hosting the LTS, we present evidence for the
existence of large volumes of partial melt hosted in the upper crust of
Tuscany. The reason why this large amount of melt never gave rise to
eruptions is enigmatic and debated™. The volcanic systems of Latium that
often erupted in the past are thought to be driven by the rise of a veined-
metasomatized asthenospheric mantle wedge linked to the eastwards slab-
rollback of the Adriatic plate”. The magmas of the Tuscan Magmatic
Province are connected to the occurrence of peraluminous anatectic gran-
itoids formed by crustal anatexis involving diverse metasedimentary sources
in the Tuscan basement". This geochemical characteristic may be a key
aspect to consider when investigating the low eruptivity of the magmas
shown in Fig. 4. The absence of significant eruptions fed by the large
reservoir we image may result from the fertility of the middle-upper crust in
Tuscany, linked to the composition of the magmas produced. Low-tem-
perature, peraluminous magmas like those encountered in the wells of
Larderello” are highly viscous, inhibiting eruptions. Such magmas may
accumulate in the upper crust forming a viscous barrier hindering the ascent
of melts. This process promotes top-down pluton formation through
downwards accretion. The distribution of the shear wave velocities in our
model indicates that such large partial melts feed a regional-scale fluid flow
system upwelling to the surface at the boundaries of the low-velocity
anomaly. This regional-scale fluid flow system may also explain the wide-
spread occurrence of travertine deposits all over the southern portion of the
Tuscan Magmatic Province as well as the extensive abundance of CO, in the
region due to the metamorphic reactions promoted in the heated
limestones.

Our study provides quantitative constraints and, for the first
time, the size and location of magma in the middle crust of the Tuscan
Magmatic Province, reconciling long-standing debates about the plumbing
system of the LTS. Such partial melts may help understand the long-term
evolutionary processes taking place at volcanic systems that featured super-
eruptions and in regional-scale high-enthalpy systems that have not (yet?)
erupted.

Data availability

The continuous seismic waveform data used in the present study are
available at the European Integrated Data Archive (EIDA; http://www.
orfeus-eu.org/data/eida/) with the following network codes: Z3 (AASN:
https://doi.org/10.12686/ ALPARRAY/Z3_2015); FR (RESIF and other
broadband and accelerometric permanent networks in metropolitan
France; https://doi.org/10.15778/RESIF.FR); IV (https://doi.org/10.13127/
SD/X0FXNH7QFY); and GU (RSNL:https://doi.org/10.7914/SN/GU). The
TEMPEST data are archived in the Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC) with network code 1K
(https://www.fdsn.org/networks/detail/1K_2020).
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