
When geochemistry meets geophysics: He and heat flow

Geology, from the field to analogue modeling

Stable, C and Noble Gases isotopes in present days and paleofluids in order to define the source and evolution of fluid phases

Definition of the contact metamorphic isogrades, ages of granites and contact metamorphic rocks

The contribution of IGG to the exploration of the Larderello geothermal area: a 

multidisciplinary approach

IGG Group

Location map of igneous and volcanic rocks of the Tuscan Magmatic Province and related ages. Upper 
right corner: simplified sketch of the geodynamic framework of the Italian peninsula.

Metamorphic and granitic rocks hosting the deep geothermal reservoir have 
been studied from various perspectives. Geochemical and petrographic 

methods have been applied to core samples to study magmatic and 
hydrothermal minerals and fluid inclusions, and together with geophysical 
methods were applied to study the signature of geothermal fluid circulation. 

These studies provided important information regarding the geothermal 
system and its evolution with time.

Geological structure of a long-living geothermal system

Two main seismic reflectors present below the geothermal area host two different
fluids: (1) superheated steam in the upper H-horizon (reached by drillholes) and (2) 

supercritical fluid in the deeper K-horizon. The productive layers of the deep
geothermal reservoir occurs in correspondence of the H-horizon, located at the top of 
pre-Quaternary granites and within the surrounding contact metamorphic aureoles. 

Bertini et al., Terranova (2006)

Ages of granites and contact 
metamorphic rocks

New and published ages (at 2001) of 
granites and contact metamorphic 
rocks at Larderello, compared with the 

isobaths of a main seismic reflector (K 
horizon).
The sampling depth varies between 

2200 and 4300 m b. g. l., and the 
temperature ranges between 260 ° and 
400 °C.

Gianelli & Laurenzi, 

Geotherm. Res. Counc. Trans. (2001)

Granite intrusions
Several intrusions (monzogranites and syenogranites) of Pliocene to Quaternary ages (3.8 - 1.0 Ma) have been

drilled at depth of 2000-4600 m. The magmas were produced by crustal melting that was triggered by
sequential intrusion of mafic magmas at about 15-20 km depth. The acidic magmas derived from two types of 
melting (muscovite- and biotite-breakdown), and were characterized by rapid melting and transfer of anatectic

magmas in the shallow crust (Sr isotope disequilibrium).
The high B, F and Li content found in the intrusions extend the “life” of magma and complete crystallization is
reached at about 550°- 650°C temperature. Prolonged life of geothermal system can be attributed to the 

sequential emplacement of granite magmas in the shallow crust coupled with the emplacement of mafic
magmas at depth and with the regional thermal anomaly (mantle upwelling).

Dini et al., Lithos (2005)
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Plots of R/RA and δ13C (CO2) vs. CO2/3He for Larderello gases.
A-Mixing lines between mantle gases (R/RA = 6.4,CO2/

3He = 1.5×109) and several crustal components
characterised by constant helium ratio (R/RA = 0.02) and variable CO2/

3He ratios.

B-Mixing lines between organic sediments, upper mantle and marine limestones end-members.

The end-members values: δ13C (CO2) = −20, −5, and 0‰; and CO2/
3He=1×1013, 1.5×109, and 1×1013.

Gherardi, et al. Geothermics (2005)

The CO2 (δ13C from −1.4 to

−7.1‰ versus V-PDB) is mainly
of crustal origin. The carbon
isotopes of methane (δ13C from

−20.9 to −31.7‰) and other
hydrocarbons indicate a complex
thermogenic origin. The 

temperatures obtained with the 
CH4–CO2 isotope 
geothermometer are in rough

agreement with those observed
in deeper geothermal wells. The 
CH4/C2H6 ratios show a tendency

towards partial equilibrium with
increasing temperature.

Present-day geothermal fluids: C isotopic composition

Relation between R/Ra and He/Ne ratios in wells, fumarolic gases, and
fluid inclusions of the Larderello geothermal field. 

Magro et al., JGR 2003

A deep magma source, refilled by periodic gas input from the mantle, is the 

most likely source of 3He-enriched fluids and the anomalously high heat flow. 
The nearly constant value of R/Ra clearly indicates that input of fresh mantle
material has occurred up to recent times. Clear evidence of mixing between

mantle and crustal fluids indicates that the high R/Ra is the lower limit of the 
actual mantle value, which is suggested to be similar to the subcontinental
European mantle.

Present-day and paleo fluids: He isotopic composition
Paleo fluids: fluid inclusions

The δD values of the fluids extracted from fluid inclusions 

coming from variable depths indicate that the fluids were 
derived from mixing of water-rich components, from a 
shallow reservoir similar in composition to present-day 

meteoric waters, and fluids from a deeper reservoir 
(magmatic and/or contact-metamorphic fluids). Relatively 
high δ13C values for CO2 trapped in fluid inclusions from 

deep samples, were produced by carbonate country rock 
de-volatilisation; whereas low δ13C values were likely 

produced by oxidation of organic matter at shallow depths. 

Relatively high 40Ar/36Ar and N2/Ar ratios of fluid inclusions 
from some deep samples indicate the presence of 
radiogenic 40Ar and excess N2 when compared to air/asw

(air saturated water), and can be related to an early-stage 
hydrothermal circulation. On the other hand, low N2/Ar and 
40Ar/36Ar ratios, similar to present-day geothermal fluids, 

were found in shallow samples, and reflect the late-stage 
hydrothermal activity.

Dallai et al., JVGR. (2005)

Open circles: decrepitated inclusions; black circles: crushed inclusions. 
Shaded area: compositions of present-day fluids from geothermal
wells (bottom-hole depths)
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Geological surveys and structural analysis of major 

structures in the internal side of the Northern
Apennines, where the Larderello field is located, 

indicate that both the Neogene sediments of the 
basins and the basin margins are affected by
compressive structures (Fig 1). To understand the 

Larderello tectono-magmatic evolution, therefore, 
different geodynamical models must be considered. 
Our approach integrates fieldwork and tectonic

analysis with analogue modelling studies. 
Analogue modelling experiments are performed at 
the Tectonic Modelling Laboratory of the CNR-IGG 

settled at the Earth Science Department of Florence 
University (Italy) and deformed through the use of a 
pure and simple shear deformation apparatus, where 

“analogue” magma is injected.
Our field studies indicate that the “classical”
geodynamic framework implying an emplacement of 

the Larderello magmatic body in an extensional
regime is not so obvious and that other tectonic
frameworks must be considered. Integration with

analogue modelling experiments provide useful
insights to understand the possible processes
governing the pluton emplacement and the 

development of the Larderello geothermal field. 

Moratti and Bonini, 1998

Apparatus and details of the experimental set-up. a) oblique view of the deformation apparatus; b) analogue 
magma injection piston; c) analogue magma distribution system); d) top-view showing the injection points, 
the moving and fixed metal plates and the velocity discontinuity; e) rheological stratification of models.

Two studied cases are presented here. 

The evolution of deformation in 
models with analogue magma 
injection in a tectonic strike-slip 
context, illustrated in Figure 3, which 

shows the evolution of the surface 
fault pattern in two models (ME 06, 
displacement velocity: 5 cm/hr; 

velocity of injection: 30 cm/hr, and ME 
10, displacement velocity: 5 cm/hr; no 
injection). For both models, the lower 
panels show the final top-view photo 

of the ductile PDMS layer, 
corresponding to the final igneous 
body, once removed the cover sand, 

corresponding to the host rocks. 

Corti et al., 2005

Results of a field and analogue modelling study on the Gavorrano

pluton, emplaced in a compressive tectonic context

Musumeci et al., 2005

Correlation between depth to the K horizon and R/Ra areal
distribution. K horizon isobaths (m b.g.l.) Full dots, 

geothermal wells; full triangles, fumaroles; open diamonds, 
fluid inclusions.

Regional comparison among K-
horizon seismic reflector isobaths in 

m b.g.l (A), R/Ra (B), surface heat
flow in mW/m2 (C), and Bouguer
gravity anomaly in mgal (D) for

Larderello and neighbouring areas.
Magro et al., JGR (2003)

Bellani, et al., JVGR (2004).

Bellani et al., Proc. World Geoth.Congr. (2005)

R/Ra and HF patterns along a NNE-SSW 
cross section through the Larderello 
geothermal field. K is a major seismic

reflector. Red dotted curves are 
isotherms in °C (from Bellani, et al., 
2004.

It has to be noted that 
the highest R/Ra values 
are reached in the area 

of Larderello where a 
shear zone breaks the K 
horizon, following the 

interpretation in Bellani
et al., 2004. This 
suggests that the K-

horizon could act as a 
boundary layer for He, 
while it is an important 

heat reservoir. 
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The decrease of R/Ra over time in the 
peripheral part of the Larderello field
indicates that important changes in the 

feeding fracture system and/or cooling
rate have occurred in these areas.

Geothermal fluids and their impact on groundwater

EU BOREMED Project: Boron contamination of water resources in the Mediterranean region: 
Distribution, sources, social impact and remediation

Within the Larderello geothermal field - Val di Cornia area, chemical and isotopic (H, O, B, Sr) characteristics of geothermal fluids, thermal and cold
springs, surface and ground waters were investigated to highlight the boron origin in local groundwaters, that exceeds the EU tolerance limit for drinking

water of 1 mg/l.

Bianchini et al., Geothermics (2005); Pennisi et al. Appl. Geochem. (2006)

The results of this study is that the high-boron contents in the area are induced by the ion-exchange process of groundwaters with the fine fraction of the 
aquifer. This process is magnified in the coastal area where sea water intrusion occurs. A geogenic origin of boron is recognized, related to the geothermal

activity of the area that gives peculiar geochemical characteristics to the local sediments.

Thermal
 springs

Cold springs

Geothermal 
plants

Boron evolution in the Val di Cornia (Tuscany)

Reservoir Engineering and 

Modeling

Reservoir engineering and modeling studies were 
addressed to investigate the origin and natural state of 
geothermal systems, as well as the effects of exploitation 

and natural and artificial recharge of reservoirs both in 
Italy and abroad.
Processes occurring in vapor-dominated, porous and 

fractured systems such that of Larderello (e.g., 
boiling/condensation, vapor pressure lowering due to 
capillarity and salinity, CO2 mineral buffering, and 

precipitation/dissolution of salt) were analyzed using and 
enhancing TOUGH2 and its precursors since the end of 
'70. These analyses, together with evaluation of 

permeability distribution at depth and the first numerical 
studies of cold water injection into V-D reservoirs, 
contributed to suggest new productive horizons and 

increase energy production. 
Recently, IGG has gained experience in the modeling of 
coupled fluidodynamic-geochemical processes using and 

improving the TOUGHREACT code with the extension of its 
thermodynamic data bank to high pressure conditions (up 
to 1000 bar) in the framework of ENI's R&D projects on 

geological sequestration of greenhouse gases, sour gas 
reinjection processes and dolomitization of carbonatic
formations. The present TOUGHREACT/TMGAS version in 

use at IGG can already be applied to low enthalpy 
geothermal systems (T<150°C) where the presence of gas 

mixtures affects the system behavior. Simulation of “high”
enthalpy reservoirs (up to 350°C) would require the 
extension of the TMGAS EOS module to high temperature 

conditions. 
Most of the modeling studies and code developments 
were carried out in collaboration with LBNL, ENI SpA and 
Snamprogetti (ENI).

Magnetotelluric as a tool for deep investigation
Magnetotelluric method has provided a useful contribution to geothermal exploration and exploitation; data interpretation has revealed a good correlation between the feature of the geothermal field and the resistivity 

distribution at depth: low resistivity corresponds to productive areas under exploitation. Medium-deep crustal decrease of resistivity has also been defined.

Manzella et al., 2006

high-angle, conductive fault zone-like structure
close to Boccheggiano fault

broad, deep crustal conductor below the 
seismic K-horizon

low resistivity anomalies inside the resistive 
basement, corresponding to shallow and 
deep reservoirs

Geological section (left) and 2D inversion model result (right) of MT data in the Travale-Radicondoli area.
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On a regional scale, a correlation has been
found between the R/Ra spatial distribution, 
heat flow, and Bouguer gravity anomaly. High 

values of R/Ra and heat flow, and low
Bouguer anomaly values indicate that the 
Larderello field is an area of preferential

escape for mantlederived fluids. A positive 
correlation has also been found between the 
R/Ra spatial distribution and a major seismic

reflector named the ‘‘K horizon.’’

The high heat flow coupled with 3He enriched fluids at surface indicates 

that in Tuscany in general and in Larderello field in particular the mantle is 
the main source of heat and He anomalies.

Block depletion 

models with mineral 
buffer of the 
Larderello reservoir: 
CO2 mass fractions 

and enthalpy trends 
for the discharged 
fluid.

Calore et al., 1990

Schematic of the 2-D radial 
model for numerical experiments 
of salt precipitation.

Liquid saturation contours and 
distribution of solid saturation  in the 
2-D radial system after 10 years of 

brine injection.

Liquid (SL) and solid (SS) 

saturations, and salt mass 
fraction (XS) as the boiling 
front propagates across two 

adjacent grid blocks
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