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Abstract

The natural park of Le Biancane is located in the southern sector of the Larderello-Travale
geothermal field (LTGF). It extends over an approximately 100,000 m? area where the
impermeable caprock is locally absent and deep fluids may directly reach the surface.
Through a multidisciplinary approach including measurements of soil CO; flux (total output
of 11.5 t day™!), soil temperature (average 34.4 °C), stable isotope and chemical data on fluids
from fumaroles (dominated by a mixture of geothermal gases and air or gases from air-
saturated meteoric water), and structural analysis of the formation outcropping, we found that
anomalous CO; emissions are positively correlated with shallow temperature anomalies.
These are in restricted locations adjacent to vents and fumaroles, where a network of well-
connected fractures (preferentially NW-SE and NE-SW orientated and with steep dips) drains

efficiently allowing upward migration of the deep fluids and the energy toward the surface.
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1. Introduction

Geothermal fields are characterized by hot and pressurized fluids basically composed by dry
steam or, more frequently, by hot water and vapour, usually followed in mass abundance by
CO», H2S, CH4, NH3, and Hg (Giggenbach, 1992). Typically, the fluids remain confined
within the reservoir(s) because of an impervious covering and they can be extracted by wells
in exploitation of the geothermal field. However, the system is never fully sealed either
because faults and fractures of the covering may provide pathways for the upward migration
of deep gases and/or because the impermeable caprock is locally missing through erosive or
tectonic processes. In these cases, the fluid may naturally reach the surface and generate
diffuse degassing from the soil, notably of CO; that represents the main constituent of non-
condensable gases. Alternatively, the steam rising with non-condensable gases condenses at
the base of the caprock enhancing the heat transfer by conduction within a thin near-surface
soil layer where a steep temperature gradient develops (Hochstein and Bromley, 2005;
Hochstein and Browne, 2000). Locally, where the caprock is fractured, the steam discharges
the heat advectively through cracks, vents and fumaroles (Hochstein and Bromley, 2005;
Hurwitz et al., 2012). In both cases, the heat transfer raises the temperature of the ground
surface that can be mapped by infra-red (IR) techniques, with highest chances of success in
presence of “bare ground”, namely hot ground not covered by vegetation (Hochstein and
Bromley, 2005).

Migration of fluids in the crust is a prerequisite for many geologic processes such as regional
metamorphism and formation of hydrothermal, geothermal, plutonic, and volcanic systems,
as well as ore deposits (Baba et al., 2019; Cox, 2010; Hardebol et al., 2015; McNamara et al.,
2019; Moeck, 2014; Oliver, 1996). In geothermal systems, secondary permeability due to a
fracture network frequently controls the fluid flow (see Bertini et al., 2006; Cerminara and

Fasano, 2012; Cox, 2010; Gianelli et al., 1997; Gudmundsson et al., 2002; Siler et al., 2016;
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Uzelli et al., 2017, 2021). A fracture network can be regarded as a system of fractures
developed within the rock volume and may involve a number of distinct fracture sets which
may or may not intersect. Fractures hierarchies and abutment relationships as well as spatial
orientation and length distribution control the fracture connectivity that, in turn, strongly
controls the permeability of the reservoir (Adler and Thovert, 1999; Barton, 1995; Hardebol
et al, 2015; Sanderson and Nixon, 2015). A network of fractures generally varies in the
spatial distribution over time (e.g. Adler and Thovert, 1999).

Resident time of fluids in geothermal reservoir(s) is generally long enough to attain chemical
equilibrium at depth (Chiodini and Marini, 1998). During upflow from the geothermal
reservoir(s) to the surface physico-chemical secondary processes due to different
thermodynamic conditions encountered along the flow-path may trigger chemical and isotope
modifications of the geothermal fluids. In high vertical permeability conditions, the rapid
ascent of geothermal fluids along fractures and faults can prevent significant changes of
chemical and isotope compositions (Baba et al., 2022; Chiodini and Marini, 1998),
confirming in that case the pivotal role of the connected fracture networks in the fluid
circulation.

The Larderello-Travale Geothermal Field (LTGF) was the first in Italy (Tuscany) and in the
entire world used for the production of electricity (starting from 1913) and remains the most
important vapour-dominated geothermal field in Europe and among the first in the world
(Bertani, 2016). According to Moeck (2014) LTGF is a convection-dominated plutonic
geothermal type play. In this type of play a pluton derived from the magma crystallization
and slowly cooling below the surface is the main source of heat and geothermal fluids whose
migration to the surface is mainly controlled by structural factors (Moeck, 2014). Recently,
monodisciplinary investigations have been made in the LTGF to estimate the soil CO:

degassing (e.g., Cabassi et al., 2021; Venturi et al., 2019), to monitor the surface temperatures
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through satellite and in-situ thermal images (Silvestri et al., 2020), and to define the nature of
the local seismicity by analysing a large dataset of microearthquakes (Piccinini and
Saccorotti, 2018). The recent study of Taussi et al. (2022) integrated geochemical and
geological information to highlight relations among fractures, soil degassing and heat output
in a limited sector of the LTGF.

In this study, we propose a multidisciplinary approach involving geochemical and structural
investigations in order to determine the relations between surface gas emission, T and P
equilibrium conditions at the deep source of gases, warming of the soil, and structural
features of the shallow portion of the LTGF. Geochemical data, in particular soil CO; flux
also used as tracer of the vapour output and thus of the heat flow, and other information on
surficial structures and thermal conditions of the soils were examined in an effort to provide
the necessary constraints to the physical modelling of the local fluid circulation and heat
release. Moreover, we produced new data regarding the geochemical composition of the local
natural manifestations, revealing for the first time in such manifestations the carbonyl
sulphide (COS) content that is a useful parameter to better constrain the P conditions at depth.
As a test site, we selected Le Biancane natural park, 12 km south of the Larderello village
and fully included in the LTGF. This area is characterized by bare and locally steaming soils,
high temperature fumaroles, hot springs and some hot and acidic mud pools (here named

“lagoni”).

2. Le Biancane study area in the geological, structural and geothermal setting of

the Larderello Travale Geothermal Field (LTGF)

The LTGF is located in the inner part of the Northern Apennines (Italy). The geological
setting of the geothermal field consists (Fig. la,b) of a stack of Alpine tectonic units

(Ligurian Units and Tuscan Nappe), which overlie the Tuscan Metamorphic Basement, a
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buried complex of low-grade metamorphic units made up of terrigenous and carbonatic
successions of Permian-Triassic (Musumeci et al., 2002) and Palaeozoic rocks (Batini et al.,
1983). Since the Pliocene, the emplacement of granites in the metamorphic tectonic units led
to the development of broad low pressure - high temperature (0.15-0.2 GPa — 500-650 °C)
contact aureoles with development of medium to high grade hornfels rocks and associated
hydrothermal systems (Carella et al., 2000; Cavaretta et al., 1983; Gianelli et al., 1997;
Gianelli and Ruggeri, 2002; Musumeci et al., 2002). The geothermal system, located at
depths between 500 m and 4000 m, evolved from an early stage, coeval with granitic
intrusions, dominated by magmatic and metamorphic fluids, to the present-day stage
dominated by meteoric fluids (Ruggieri et al., 1999). A noteworthy feature of the geothermal
field is the K-Horizon (Fig. 1b), a regional-scale seismic reflector recognized at the 3-8 km
depth range, at the top of Quaternary granites (Batini et al., 1978, 1985; Bertini et al., 2000).
This reflector is characterized by a strong amplitude bright-spot signal, suggesting the
presence of fluids of magmatic and/or metamorphic origin hosted within cracks and/or micro-
cracks (Batini et al., 1983; Gianelli et al., 1997). At shallower depths (2-4 km), there is
another reflective marker, the so-called H-horizon, corresponding to the contact aureola of
the Pliocene granites (Bertini et al., 2000).

The explored area of the Larderello geothermal field is about 250 km?, and produces about
4300 t h! (tons per hour) of superheated steam at temperatures between 150-270 °C and
pressures of 0.2-1.8 MPa, associated to an average content of non-condensable gas ranging
from 1 to 15% by weight (Razzano and Cei, 2015). The adjacent explored area of Travale
covers approximately 50 km? and produces a total of 1300 t h! of superheated steam at 190-
250 °C and 0.8-2 MPa pressure, with a content of non-condensable gas in the range 4-8% by
weight (Razzano and Cei, 2015). Both fields are connected to a unique deeper geothermal

reservoir, located in the Paleozoic metamorphic units (Bertini et al., 2006), representing the
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exploited reservoir at the present (Fig. 1b). This unique geothermal system can be delimited
by the 300 °C isotherm, which at 3000 m depth includes an area of over 400 km? extending
from the western margin of the Larderello field to the Travale area (Bertini et al., 2005). In
the past (up to about 30 years ago) the geothermal resource of the Larderello-Travale area
was extracted from the upper reservoir, hosted within Mesozoic limestones of the Tuscan
Nappe at depths of 500-1500 m and capped by an impervious covering of the clayey Ligurian
Units (Liotta and Brogi, 2020). Faults in the LTGF are mainly normal faults associated with
the latest extensional episode which is lasting since the late Pliocene (Brogi et al., 2003).
Faulting affects different crustal levels with major NW-SE trending normal faults and NE-
SW trending oblique to strike-slip steeply dipping faults (Liotta and Brogi, 2020).

In the southern part of the LTGF, where Le Biancane area lies, the carbonate-anhydrite
formations of the Tuscan Nappe outcrops (Fig. 1b,c), allowing the infiltration of meteoric
water to depth, thus partially feeding the shallow reservoir (Ceccarelli et al., 1987). The
possible interference zones between meteoric water infiltration and deeper geothermal fluids
have been indicated by the presence of liquid water instead of vapour in exploration wells
and at times by thermal inversion at the field boundaries (Arias et al., 2010). The same
authors estimated, by means of the gas/steam ratio, that the total steam flow rate from local
recharge is about 390-580 t h™! (i.e., 3.3 - 5.0*10% m? y™!) for the whole LTGF system.

A Land Surface Temperature (LST) map retrieved by satellite data shows that a thermal
anomaly is centred at Le Biancane and it extends northwards in the adjacent thermal area of

Sasso Pisano village (Fig. 1d).
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Figure 1. a) Geologic sketch map of the Larderello-Travale Geothermal Field (modified after
Liotta and Brogi, 2020). The red dot in the inset is the location of the LTGF; the dotted black
box is zoomed in Fig. 1c. b) Geological sketch section (A-A’ in Fig. 1a; modified after Arias
et al.,, 2010 and Liotta and Brogi, 2020). ¢) Geological and tectonic sketch map of Le
Biancane area (modified after Liotta and Brogi, 2020); the dotted black box is zoomed in Fig.
1d). d) Map of Land Surface Temperature derived from the scene acquired on 15 June 2021
at 20:59 UTC by the TIRS (Thermal InfraRed Sensor) instrument, onboard the Landsat8
mission, applying the atmospheric corrections described in Barsi et al. (2003). A constant
emissivity (€,=0.97) has been hypothesized for the whole scene, to improve the temperature

estimation in the pixels where the land coverage class is mostly bare soil.
3. Field activities at Le Biancane and methodologies

Field activities at Le Biancane were performed to characterize the process of CO, degassing

and heating from local soils, also identifying fault-related anisotropies in their spatial

7



167

168

169

170

171

172

173

174

175
176

177
178
179
180
181

182
183

distributions.

The surveys were conducted during the local dry season, in May-June, 2021 and included: 1)
197 soil CO; flux measurements over a grid of ~ 60,000 m? covering the main degassing area
of Le Biancane and immediate surroundings; ii) 146 soil brightness temperature
measurements through thermal IR imaging over the degassing area; iii) sampling and analysis
of three fumaroles falling in Le Biancane area; iv) structural analysis of the local fracture

systems and their relationships with the bedding planes at 46 points (Fig. 2 a,b).

651148

® CO, flux measurement (n. 197)
|:| Soil T measurement (n. 146)
i\( Fumaroles sampled in June 2021
% Fumaroles sampled in 2005-2006

Q Spring

51148
7 o 651148
Ay

Sasso
' Pisano
% SP1

650627

5
é a) -
= 0 100 m

650627 - I S

Monterotondo r——jmmg

M'.iho; o 0 1000 m

Figure 2. Aerial pictures (from Google Earth®) of Le Biancane study area showing the
locations of a) Soil CO: flux, soil temperature, fumaroles and springs sites. b) Points for
structural and topological analysis. Inset of a) shows the locations of the fumaroles at Le
Biancane (dashed rectangle) and in the Sasso Pisano area. The images are hereafter projected
in the Universal Transverse Mercator (UTM) geographic coordinates, datum WGS 1984,
zone 32°N.

3.1. Soil CO: flux and soil temperature measurements and data treatment
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Soil CO> flux and soil brightness temperature measurements were taken at Le Biancane to
quantify the CO; output from the soil and to investigate potential relationships between the
spatial pattern produced by high CO; flux and elevated shallow soil temperatures.

The soil CO; flux measurements were made through the accumulation chamber method
(Chiodini et al., 1998) and punctual measurements were treated with the sequential Gaussian
simulation (sGs) approach (Cardellini et al., 2003) to provide the spatial distribution of the
soil CO2 degassing and the quantitative estimate of the total CO; output. In addition, the CO>
flux measurements were arranged on logarithmic probability plots, where the unusual
abscissa represents units of standard deviation corresponding to different theoretical quantile
thresholds. As discussed by Sinclair (1974), in such plots a single lognormal population
would plot as a straight line, while n overlapping lognormal populations would result on a
curve with n-/ inflection points. The procedure of Sinclair (1974) permits to recognize the
presence of mixtures of more populations and to separate each of them through the estimation
of the relative proportion, the median and the standard deviation. Since the derived values
refer to the logarithm of the values, the median soil CO> flux and the 90% confidence interval
of the median for each population were computed by using the Sichel’s t estimator (David,
1977).

In most of the sites corresponding with the CO; flux locations (Fig. 2a), we acquired thermal
images with a portable thermal IR camera (mod. FLIR E76), to infer actual ground surface
temperatures and to define the extent of the “anomalous” thermal area to be compared with
the main CO; degassing area (see Fig. B.1 in Appendix B for a thermal infrared view of the
main anomalous area). The FLIR E76 thermal camera was equipped with a 42° field of view
optic. Emissivity and atmospheric temperature were set at 0.98 and 20 °C, respectively, while
atmospheric absorption was switched off given the source proximity. The first centimetres of

terrain were removed before making thermal images to minimise the effects of the vegetation
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and direct solar irradiation. The camera was operated horizontally about 1 m above the
ground to capture a rectangular area of 40x30 cm?, including 160x120 pixels (Fig. B.2 in
Appendix B). The soil brightness temperature was then taken by averaging the temperature of
the pixels of the scene. Maps of brightness temperature were produced by using the same
statistical interpolation method used for the gas flux (i.e., the sGs approach) and the
representation on a probability plot was used to partition the mixture of real data into separate
populations by using the Sinclair (1974) procedure.

The emissivity of the Biancane soil was estimated to vary in the range € = 0.94 - 0.99 from
information about soil composition and structure (Mineo and Pappalardo, 2021). This
uncertainty is one of the factors defining the confidence interval of the brightness
temperatures presented here. The brightness temperature confidence interval related to the
emissivity was evaluated by applying the algorithm presented in Calusi et al. 2020. When €
ranges in the values fixed above, the difference between the soil brightness temperature and
the ambient temperature varies of about 2% with respect to the value obtained with an
average value € = 0.965. Thus, the absolute error due to the uncertainty in emissivity ranges
from negligible values when the observed temperature is similar to the ambient temperature
up to 2 °C for the hottest points observed at Le Biancane. This uncertainty is within the
instrumental error of the thermal camera used in this work.

The use of statistical methods appropriate for lognormally (soil CO; flux) or normally (soil
brightness temperature) distributed data has allowed for the identification of different
statistical populations that can be eventually related to different sources of gas and heat

(basically, shallow or deep sources).

3.2. Gas sampling and analytical procedures

Samples of gas were collected from three high-temperature fumaroles located within or
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adjacent to the area investigated for the soil CO> degassing (B6, B7, and BS, Fig. 2a). Gas
samples were collected in June 2021 using two different methods. The first method, was to
use pre-evacuated two stop-cocks glass bottles partially filled with aqueous solution of 4.5 N
sodium hydroxide (Giggenbach, 1975). The second method was to employ a glass condenser
with ethyl-ether for separation of steam from non-condensable gases (Cioni et al., 1988). At
each sampling point, the temperature of gas emission was measured before and after sample
collection.

Chemical and isotope analyses were performed in the Institute of Geosciences and Earth
Resources of the National Research Council of Italy (IGG-CNR). Ho, He, Ar, Oz, N> and CHy
concentrate in the headspace of glass bottles partially filled with caustic solution and were
detected using a Perkin Elmer Clarus 580 gas chromatograph equipped with capillary
column, TCD and FID detectors (the last detector used for detection of low CHgs
concentrations). CO2 and H>S were absorbed in the sodium hydroxide aqueous solution and
were determined by acid-base titration and ion chromatography, respectively, after the
oxidation with hydrogen peroxide. In dry gas samples collected following the method by
Cioni et al. (1988), low H> and CO concentrations were detected using a high-sensitivity
Reduction Gas Detector (HgO; detection limit better than 0.05 ppmv), whereas COS was
analysed using the high-selectivity and high-sensitivity (detection limit 0.5 ppbv) GC-ICP-
MS system, coupling with special transfer line the GC Agilent 7890B with the ICP-MS
Agilent 7800, as described in Lelli (2021). Dry gas samples were also used to measure the
813Cco2 (%o VPDB - Vienna Pee Dee Belemnite) by means of GC-combustion interface
coupled with a mass spectrometer (Trace GC Ultra - Thermo Scientific). D and §'*0 in
steam condensates were measured by Liquid Water Isotope Analysis based on Off-Axis
Integrated Cavity Output Spectroscopy. All chemical data obtained have analytical

uncertainties < 5% for the main gas components and < 10 % for minor and trace gas species.
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The uncertainties for C, O and H isotopes are £0.1%o, £0.05%0 and £1%o, respectively.

The analysis of fumarole gases (including water vapour) permitted to compare their
composition with that of local production wells, to discriminate between mantellic and
hydrothermal-geothermal origin of the fluids and, finally, to identify the T and P conditions

in the geothermal reservoir(s).

3.3. Structural analysis

Structural analysis of the Biancane site has been used to define the fracture network that
allows fluid circulation in the shallow portion of the geothermal system. In this work, the
term fracture includes any form of discontinuity in the rock, such as faults, joints,
deformation bands, cracks, etc.

At 46 locations in the Le Biancane area (Fig. 2b) the fractures’ and bedding planes’ attitudes
have been acquired. At 8 locations, out of the 46, oriented pictures were taken for a
topological analysis of the fracture network (Fig. 2b).

The topology of the fracture network defines how the fractures intersect and it provides an
estimate of the fracture network connectivity (Sanderson and Nixon, 2015, 2018). The 2D
fracture network representation consists of fracture traces that intersect each other forming
fracture segments bounded by nodes (Sanderson and Nixon, 2015; see also Fig. A.l in
Appendix A). A node is the point where a fracture intersects another fracture or the point
where the fracture ends. The node can be of three types: 1) type I with only one termination
(green box in Fig. A.l1 in Appendix A), ii) type Y with three terminations (blue box in Fig.
A.1), and iii) type X with four terminations (red box in Fig. A.1). The segments defined by
nodes are termed branches, while each fracture trace is termed a line. Sanderson and Nixon
(2015, 2018) showed that by analysing the types of the nodes (i.e., terminations of the
branches) and their relative proportions it is possible to define numerical parameters, such as

the number of intersections per line (Cr) and per branch (Cg), that are good proxies for the
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degree of the network connectivity. In particular, when Cy>3.57 and Cg>1.56, the fracture
network is very well connected (e.g., Balberg et al.,1984; Sanderson and Nixon, 2018). As
suggested in Sanderson and Nixon (2018), Cs is a better proxy for the fracture network
connectivity than CL. Moreover, by using the type and the number of nodes it is also possible
to derive the probability that a branch (fracture segment) is not connected (PII’), partially

connected (PIC’) or fully connected to other branches (PCC”). For details, see Appendix A.

4. Results

4.1. Soil CO:: flux and soil temperature
Measurements of soil CO» flux at Le Biancane (197 samples) gave an average value of 188 g
m day! and a range of variation of orders of magnitude, from a minimum of 0.04 g m? day!
to 7252 g m? day™! (Table 1). The probability plot and the frequency distribution histogram of
the soil CO> flux measurements (Fig. 3a and 3a’) show that their statistical distribution is the
result of three combined log-normal populations representing high, low, and very low CO:
flux populations (HF, LF, VLF, respectively). The CO> flux measurements included in the LF
and VLF populations represent the larger proportion (85%) of the dataset and gave mean and
median values of 21.4 g m? day” and 7.1 g m™ day™! (LF) and 1.02 g m?day'and 0.32 g m™
day! (VLF), respectively (Table 1). These values fall in the range of the CO, flux produced
by the biological activity of the soil (0.2-21 g m™ day™'; Cardellini et al., 2003) and are quite
low, demonstrating a scarce activity of the local soil characterized by absent or damaged
vegetation. The HF population comprises 15% of measurements (30 samples) and returns a
mean and median value of 1471 g m™ day! and 501 g m™ day!, suggesting the presence of a
deep source of CO». The large differences between mean and median values highlight that the
frequency distributions of the partitioned soil CO; flux populations (normally distributed in

logarithmic scale) are positively skewed. In the case of skewed distribution with a few
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outliers the median is better than the mean for providing values that may be considered as
anomalous.

Soil brightness temperatures (146 samples) gave an average value of 34.4 °C and a large
range from 18.5 °C to 80.5 °C (Table 1). The temperature measurements are also partitioned
into three populations including high, intermediate, and low soil temperatures (HT, IT, LT,
Table 1 and Fig. 3b and 3b’). The HT population (with an average of 50 °C) comprises 15%
of temperature measurements (22 samples), whereas most of the temperature measurements
(70%) fall in the IT population (33 °C on average) and only a few sites show a low soil
brightness temperature (15% of measurements with average temperature of 23 °C) mainly
located in shaded or vegetated zones at edges of the study area. For the soil brightness
temperature mean and median of the partitioned populations are coincident since the relative
values are normally distributed.

Examination of Fig. 3a’ and 3b’ shows that the HF population has a stronger characterization
than HT population since the spread of data around the median is smaller than HT, although
the relative proportions of the two populations are equal (15%). For this reason, the HF
population is clearly recognizable from the adjacent LF population, while the values of the
HT population are scattered widely about the median and overlap with the tail of the IT
population.

Table 1. Summary statistics for the CO; flux, brightness temperature and related partitioned
populations. In the columns relative to raw datasets the number of measurements, the mean,
the minimum and the maximum of the whole dataset are reported. The proportion (f), the
mean and the median of the partitioned populations are reported in the three right columns.

Mean and median of the partitioned populations are supported by their two-sided 90%
confidence interval (superscript and subscript values).

Raw dataset Partitioned populations
Parameter # meas. Mean [Min-Max] f Mean Median
points (g m?day?) (g m? day) (g m? day™)
Soil CO; flux 197 188 [0.04 - 7252] HF 15% HF 1472358 HF 5013338
LF 80% LF 21.53%3 LF 7.11%°

14
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Figure 3. Probability plot of a) soil CO> flux (Log scale) and b) soil brightness temperature

measurements. Both parameters have polymodal distributions resulting in the mixture of 3

individual populations (black curves). Each population plots as a straight line (coloured

lines). The intercept of each partitioned population with the 50% line (marked vertical line)
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gives the median of the population (ais0%), while its standard deviations () can be read as the
difference associated to the interval 16% to 50% (or 50% to 84%). The derivation of these
parameters is shown, as an example, for the HF population in a) and for the HT population in
b). The mean and the standard deviation of the partitioned populations are reported in
brackets. Frequency distribution histograms of soil CO; flux (Log scale) and soil brightness
temperature measurements are shown in a’) and b’), respectively. The partitioned populations
are drawn by using a Gaussian with the derived median and standard deviation. Vertical
dashed red lines identify the median of the HF and HT populations. In a’) and b’) the black
curves are the resulting theoretical distributions of the mixture of the partitioned populations
for the soil CO> flux and soil brightness temperature, respectively. See the text for further
details.

The maps of the soil CO; flux and soil brightness temperature, returned by the sGs procedure,
are shown in Fig.s 4ab. A total CO, output of 11.5+0.77 t day! was estimated for the
investigated area of about 60,000 m?. Main degassing areas define some spots in the central
and NE sector of the study area (Fig. 4a) roughly distributed along a NE-SW band, a
direction coincident with the orientation of the faults bordering Le Biancane area (Fig. 1c¢).
These degassing areas were identified as having hot ground by the mapping of the soil
brightness temperature (Fig. 4b). In particular, the main CO; soil flux anomaly (with values
exceeding the median value of the HF population, see Fig. 4a) falls in the sector of the B8

fumarole (Fig. 2a) where measured temperatures as hot as 50 °C occur (i.e., temperatures

higher than the median value of the HT population).
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Soil brightness temperature.
The black outlines in both maps enclose regions of the respective HF and HT populations,
namely where soil CO> flux > 501 g m? day'1 and soil brightness temperature > 50 °C. In a)
the total soil CO output is indicated together with the extension of the investigated area.
4.2. Gas geochemistry
We present here the chemical and isotopic compositions of the fumaroles sampled at Le
Biancane in June 2021, together with unpublished data of other local fumaroles sampled and
analyzed in 2005-2006 by a subset of the authors of this study. For comparison, we also
considered the chemical composition of local fumaroles and geothermal production wells
reported in Chiodini et al. (1991), Chiodini and Marini (1998) and Menichini (2006). Most of
these samples fall in the neighbourhood of Le Biancane, but unfortunately the authors do not
indicate their precise locations.
Fumarole samples contain more than 98-99% (mol) water, and on a water-free basis, CO,
H», CH4 and H»S are the most abundant gas components (Table 1 in supplementary material).

The gases from the fumaroles have a similar chemical composition of those found in the

17



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

geothermal production wells (Table 1 in supplementary material).

B6 and B7 fumaroles are located in the SW side of Le Biancane area (see location in Fig. 2a)
and discharge superheated vapour with temperature of 110.5 °C and 115.3 °C, respectively.
Such high values seem to characterize only this portion of Le Biancane. In the central sector
of the investigated area (characterized by higher morphological elevation) the B8 fumarole
shows a discharge temperature of 99 °C. It is interesting to note that the B6 fumarole sample
of July 2006 recorded a high temperature of 129.4 °C (Table 1 in supplementary material).
Similar temperature trends were also recorded in some shallow production wells located
around this area (Enel Green Power, 2022, personal communication).

Other natural gas manifestations sampled in 2005-2006 inside Le Biancane area (i.e., B1, B2,
B3, B4, in Fig. 2a) and abroad (i.e., LS1, SP1, SP2, V1, V2, V3, inset of Fig. 2a) showed
outlet temperatures close or very close to the water boiling point at the local atmospheric
pressure conditions (Table 1 in supplementary material), some of them were characterized by
low flow. This indicates that the condensation near surface level could affect some of the
collected gases.

In the triangular CO2-N>-Ar diagram (Fig. 5a) all collected samples plot inside the
compositional triangle mantle-air-air saturated water (ASW), suggesting mixing between
these three end members, with the prevalence of the mantle component. Exceptions are two
fumaroles located about 500 m N of Le Biancane (i.e., V1 and V3, Fig. 2a) which are
characterized by different No/Ar ratio and the B2 fumarole, inside Le Biancane, showing
higher contents of air along the mantle-air mixing line. Using gas species less affected by
steam separation and/or condensation processes, the triangular CHs-CO-H> diagram (Fig. 5b)
allows discrimination between high temperature volcanic gases and hydrothermal-geothermal
gases (Chiodini et al., 1992). As expected, all collected gas samples plot close to the CHas-

vertex (e.g., hydrothermal-geothermal gases), in very good agreement with gas samples
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Figure 5. Ternary plots of Le Biancane gases. a) CO2-Ar-Nz plot. The compositions of
mantle, air and air saturated water (ASW) are also reported. b) CH4-H>-CO plot. Open circles
are geothermal wells of the LTGF (data from D’ Amore et al., 1987 and Chiodini et al., 1991).
The field of typical volcanic gases is also shown (data from Giggenbach, 1996).

Using the approach described in Bertrami et al. (1985), the equilibrium between gas species
in geothermal fluids discharged by fumaroles and production wells was evaluated,

considering the system H>O-CO>-CH4-H>-CO. The following independent reactions were

considered:
CO, + Hy = CO + Hy0 445 (1)
CH, + 3C0, = 4CO + 2H,0(quia) (2)

assuming that water partial pressure is controlled by the presence of liquid water. This
hypothesis is valid also for vapour-dominated geothermal systems, according to accepted
models (e.g., Truesdell and White, 1973).

The equilibrium constants of reactions (1) and (2) can be written as follows, considering the

distribution of gas species between gas and liquid phase:
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1=y N o 17V
K1 = Xn20°Xco . (Y+Bcoz) (Y+BHZ) (3)
1-Xn20)-Xco-X 41y
(1-XH20)XcoXH2 O+
1-y 3 1-y
K2 = X¢o .(y Booz) By 4
- X3 X 1-y 4 ( )
Co2'&CH4 U+

Bco

where B; represent the distribution coefficient for component i between vapour and liquid
phase, Xu20 1s the molar fraction of the water in the total fluid, X; is the molar fraction of the
component 1 in the non-condensable fraction and y is the steam/liquid ratio in the
equilibration zone (y=1 means only steam is present at depth). Both equilibrium constants are
influenced by the steam/liquid ratio but, as suggested by Bertrami et al. (1985), the influence
on equation (4) is smaller.

The functions describing the correlation from temperature of the vapour-liquid distribution
coefficient B; in the range 100-340 °C are given by Giggenbach (1980) for CO,, CH4 and H>,

and Bertrami et al. (1985) for CO:

log Bcoz = 4.7593 — 0.01092 - T
log Beys = 6.0783 — 0.01383 - T
log By, = 6.2283 — 0.01403 - Ty

log Bco = 6.3173 — 0.01388 - Ty

On the basis of thermodynamic data from Barin and Knacke (1973) the following equations
were obtained:

19363 — 2% _ (5)

logK1 (Toc+273.15)

13605.63
(Toc+273.15)

logKk2 = 8.0651 — (6)
Equations (5) and (6) were used to calculate the temperature and steam /liquid ratio in the gas

equilibration zone. Because equation (4) is practically independent from the steam/liquid
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ratio, at least for y>0.05 (Bertrami et al., 1985), only the temperatures calculated for the
system H20-CO2-H>-CH4-CO were considered (GCT in Table 1 in supplementary material).
The estimation of the equilibrium temperatures for the local fumaroles (Fig. 6 and Table 1 in
supplementary material) ranges from 202 °C (B8 fumarole) to a maximum value of 238 °C
(B7 fumarole and B6 fumarole in 2006), in agreement with the temperatures measured in the
Larderello geothermal system (Bertrami et al., 1985; Bertani et al., 2005). Fumarole samples
possibly affected by condensation have been omitted from Figure 6. In general, the fumaroles
of Le Biancane and surrounding area show the same pattern indicated by the fluids
discharged by geothermal wells, suggesting common sources and evolution trends of gases.
Assuming that fugacity of water pressure corresponds to water saturation pressure, the
following function for pure water can be used to estimate Puzo (Table 1 in supplementary

material):

2048

logPy,0 = 5.51 — Te1273.15)

(7

For the June 2021 samples, Pu2o ranged from 15.8 bar (B8 fumarole) to 31.9 bar (B7
fumarole), in very good agreement with estimates for geothermal wells and other local
fumaroles sampled in different years (Table 1 in supplementary material). Using the
equilibrium constant (equation 3) of the reaction (1), the water saturation pressure previously

calculated has been used to obtain Pco, by means of the following equation (Chiodini and

Cioni, 1989):

logPeoy = 3.573 — (——

H,
(Toc+273.15)) — log 5 (8)

The results indicate Pco> values of a few tenths of bar calculated for natural gas emissions

collected in June 2021 (from 0.15 bar of B8 fumarole to 0.42 bar of B7 fumarole), which are
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in agreement with the values of some geothermal wells (Chiodini et al., 1991).
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Figure 6. Plot log[X*co/(Xcua-X>co2)] vs. log[(Xu20-Xco)/(1-Xu20)-Xco2-Xn2)]. Xuzo refers
to water molar fraction on total fluids, whereas Xco, Xcna and Xcoz represent molar fraction
of components in non-condensable fraction (from Bertrami et al., 1985, modified). The

steam/liquid ratio is indicated with y. Symbols of the samples as in Fig. 5.

Chiodini et al. (1991) showed that also the H>S/COS ratio can be used to evaluate Pco in the
gas equilibration zone, obtaining results comparable with those derived from the H»/CO ratio.

These authors proposed the following gas reactions:
€0, + H,S = COS + H,0 9)

CO + H,S = COS + H, (10)

to derive the Pcoz based on the H,S/COS ratio, using the equilibration temperature of fluids
calculated by the geothermometric expression of Bertrami et al. (1985) and considering the

equilibrium conditions attained in a pure vapour phase. It is worth highlighting that the study
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of Chiodini et al. (1991) is built on the COS content and COS/CO; ratios measured in
geothermal fluids of 12 production wells of the Larderello field. Because of the analytical
difficulties to detect COS in natural fluids, this approach has not led to any other application,
although it was very promising.

In this study we set up a suitable analytical procedure to detect all the components involved
in the two gas reactions above mentioned (Eq.s 9 and 10), and we were able to detect, for the
first time in natural geothermal manifestations, the COS content with reliable accuracy and
precision. The derived Pcoz values for the three fumaroles of le Biancane sampled in June
2021 are of the same magnitude (a few tenths of bar) of those calculated by the H»/CO ratio
(see Table 1 in supplementary material). Moreover, their compositions show a similar pattern
associated to the fluids of the geothermal wells, approaching the theoretical equilibration

vapour phase curve calculated at a temperature of 200 °C (Fig.7).

25 3 3.5 4 45

log(X/X o)

Figure 7. Plot log (Xu2s/Xcos) vs. log (Xu2/Xco) (from Chiodini and al., 1991, modified).
The theoretical ratios for vapour and liquid phase at different Pco, and at T= 200 °C are also

reported as equilibration vapour phase and equilibration liquid phase lines, respectively.
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Available data from Larderello geothermal wells are included (Chiodini et al., 1991).

Symbols of the samples as in Fig. 5.

The isotopic composition of 8'*C(coz) in LTGF gas samples ranges from -2.35 to -4.19%o
(Table 1 in supplementary material) in very good agreement with isotope data of geothermal
wells drilled in the sedimentary carbonate shallow geothermal reservoir, which are
characterized by values ranging from -2.80 to -5.9%o0 (Gherardi et al., 2005). This finding
suggests that the carbonate-evaporite sedimentary formation of the Tuscan Nappe,
outcropping in Le Biancane area, is the main source of CO», though minor contributions of
magmatic COz (typical range from -3 to -8%o) cannot be ruled out.

Oxygen and hydrogen isotope analyses were performed on steam condensate samples. As
shown in Table 1 (supplementary material), super-heated B6 and B7 fumaroles have §'0 = -
3.63%o0 and -3.83%o, respectively, and 6D = -36.2%o0 and -36.4%o, respectively, whereas the
B8 fumarole (with discharge temperature of 99 °C) has isotope composition of %0 = -
5.01%0 and 8D = -44.3%o. These values are reported in the classical 8'%0%o vs SD%o
correlation diagram (Fig. 8), together with data for local cold and thermal springs (Panichi et
al., 1974) and condensed steam from geothermal wells tapping the shallower reservoir
collected before (sampling data 1964-1969, Panichi et al., 1974) and after water re-injection
(sampling date 1986, Bolognesi, 2011). The isotopic composition of local re-injected water
(D’Amore et al., 1987; Cappetti et al., 1995; Panichi et al., 1995) and the field of the primary
steam (Cappetti et al., 1995; Bolognesi, 2011) are also shown. For reference, the Water
Meteoric Water Line (WMWL, Craig, 1961) and Central Mediterranean Meteoric Water Line
(CMMWL, Gat and Carmi, 1970) are also plotted. In Figure 8 the steam condensates from
geothermal wells collected before re-injection (open circles) show a horizontal displacement
characterized by large variations in §'%0 (-5.5/+0.5%o). As mentioned in Panichi et al. (1974),

the water-rock interaction process between water and oxygenated rocks (as limestone and/or
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silicates) can explain such an oxygen shift toward higher values, even if different §'%0
enrichments noted in some areas could reflect other processes (i.e., complex deep circulation
pattern and/or different thermal conditions). The alignment of the data before re-injection
points towards the isotopic compositions of cold and thermal waters and fits with the
hypothesised isotope composition for the local natural recharge (Panichi et al., 1974; 1995).
Mixing processes between surface meteoric waters and deep fluids occurring in the shallow
reservoirs may also explain this distribution. Starting from the composition of the primary
steam hypothesised in Larderello (Cappetti et al., 1995; Bolognesi, 2011), the samples of the
geothermal wells collected in 1986 (i.e., after re-injection) clearly show the influence of the
local re-injected water (Fig. 8). Steam condensates from natural gas emissions sampled in
June 2021 show different distributions. In particular, superheated fumaroles (samples B6 and
B7) show 8D values significantly more positive than those typical for the primary steam and
geothermal wells collected before re-injection. Their values seem to be consistent with those
for geothermal wells affected by re-injection, even if 6D values up to -35%o are sometimes
found in some geothermal wells in the area, which are not affected by re-injection (Enel
Green Power, 2022 personal communication). Very different behaviour is shown by the
sample B8, which shows a more negative 6D composition, in agreement with those found for
geothermal wells before re-injection and therefore also with the primary steam and local
springs.

Helium isotopic compositions for natural gas manifestations are available only for samples
collected in 2005-2006 (Menichini, 2006). The R/R, ratio (where R is the *He/*He ratio of the
sample and R, that of the air, 1.4*10°) ranges from 1.88 to 2.19 in agreement with several
data obtained from geothermal wells in the Larderello geothermal system and characterized
by values from 0.5 to 3.2 (Torgersen, 1980; Hooker et al., 1985; Magro et al., 2003; Gherardi

et al., 2005). This suggests a common source of helium between geothermal wells and natural
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manifestations, despite data of He/Ne ratio is lacking for fumarole samples to evaluate the
atmospheric contribution of He in collected samples. However, the low abundances of
atmospheric components measured in fumarole samples allow us to exclude significant air-

contamination.

10 | ! | |
Thermal springs
Le Biancane 2021

Geothermal wells (pre re-injection)

Re-injected
water

O+

Geothermal wells (affected by re-injection)
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Figure 8. 3D and &8'%0 values from fumarole samples collected in Le Biancane area are
compared with those of geothermal wells sampled before and after water re-injection,
primary steam, local re-injected water and local cold and thermal springs. The World
Meteoric Water Line (WMWL) and the Central Mediterranean Meteoric Water Line
(CMMWL) are also shown.

4.3. Structural analysis

The results of the structural analysis show that NW-SE and NE-SW trending fractures are the
most frequent in Le Biancane area (Fig. 9a) while the bedding planes show a (less evident)
prevalent NE-SW orientation (Fig. 9b). Measured fractures are mostly steeply dipping while

bedding planes show a low-medium dip (Fig. 9¢). As such, the fracture systems are coherent
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with a general E-W extension (direction of the least principal stress, Fig. 9a) typical of the

Italian Apennines.
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Figure 9. a) Stereo net (lower hemisphere) of the poles to fractures; red circle: sigma3, green
circle: sigma2, blue circle: sigmal. b) Stereo net (lower hemisphere) of the poles to bedding
(S0). c¢) Histogram (5° bin) of the dip of bedding (N(S0), grey bars) and of fractures (N(fr),
red bars). d) Picture of the fracture network in the site x4 (Fig. 2b), the yellow circle (1 m in
diameter) is used for the topological analysis. e) Fracture network mapping (as in Sanderson
and Nixon, 2015) with nodes (green circle: node I; blue circle: node Y; orange circle: node X;
see Appendix A). f) Ternary plot of connectivity (low connectivity, PII’, intermediate
connectivity, PIC’ and high connectivity, PCC”) for eight sites located at Le Biancane (Fig.
2b), all falling in the field of high connectivity (red dots). For details see Appendix A.

The topological analysis of the fracture network was performed through the analysis of eight
pictures (one of them in Fig. 9d), used to determine the number and the typology of the nodes
of the discontinuity network in circular sectors with 1 m diameter (Fig. 9¢). Results indicate

that all the fracture networks are topologically very well connected with high PCC’ values
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(red dots in Fig. 9f). Similar indications come from the values of Cr and Cp parameters

(Table 2) that confirm the attitude to the connectivity of the fracture network.

Table 2. Values of the C. and Cg parameters from the topological analysis of the fracture
network at Le Biancane.

Site | X (UTM_WGS84) | Y (UTM_WGS84) | CL | Cp
x0 | 650931 4779726 3.688 | 1.821
X3 | 650961 4779750 3.914 | 1.854
x4 | 650976 4779817 4.474 | 1.91
X5 | 651025 4779902 4.147 | 1.857
x6 | 650964 4779720 353 | 1.826
x8 | 650888 4779603 3.582 | 1.848
x9 | 650789 4779548 3.808 | 1.847
x10 | 651063 4779934 4.64 |1.918

S. Interpretation of results and discussion
In the site of Le Biancane the total CO> flux normalized by surveyed area is at a low level
(0.195 kg m? day") if compared to those measured in other degassing areas (volcanic,
geothermal or tectonically active) of southern and central Italy (Fig. 10). The value derived
by our investigation is strikingly similar to the CO; output reported in the work of Cabassi et
al. (2021). They computed a total CO, output of 3.15 t day™! over an area of about 20,000 m?
in the SW sector of Le Biancane, then a normalized flux of 0.157 kg m™ day™!. Since the area
investigated in this study is adjacent to, or partially overlapping, the sector quoted above, we
argue that part of this difference could be due to the different approaches used to calculate the
total CO; output. Cabassi et al. (2021) used the Graphical Statistical Analysis, according to
the procedure proposed by Sinclair (1974), whereas we applied the sequential Gaussian

simulation approach, as reported in Cardellini et al. (2003).
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The peculiarity of this site is that the amount of COx is not released uniformly from the whole
“bare” area, but rather from relatively small portions. In our investigation, some spots located
in the central and in the NE sectors of the surveyed area (Fig. 4a) contribute more than 11%
to the total output (1.23 t day™! vs 11.5 t day™!), despite the observation that their areal extent

is only 2.5% of the total area (1408 m? out of 58,840 m?).
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Figlir(_e 10. Histogram of the CO» flux from sixteen degassing areas of the Italian territory
(data from Tarchini et al., 2022) compared with the CO; output of Le Biancane (this work).
These sectors are likely characterized by high vertical permeability, with fracture networks
vertically very well connected. The fractures are mainly NW-SE and NE-SW orientated and
with steep dips, providing preferential pathways for non-condensable gases (mainly CO2) and
heat to escape to the surface. The general attitude to the “transport” of this fracture system is
supported by the deep roots of the tectonic structures, as revealed by a 3D seismic survey
performed at Travale in 2003 (Casini et al., 2010).

The spatial pattern produced by elevated CO- flux areas is comparable with that produced by
soil brightness temperature anomalies (Fig.s 4a,b). The overall correlation between CO> flux
measurements and soil brightness temperature increases for high values of CO> flux and
brightness temperature, i.e. for samples falling in the HF and the HT populations. In Fig. 11a,
the correlations among all measures are displayed, with their quadratic fit and asymmetric
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standard deviation. The plot confirms that the correlations improve when soil temperatures
are higher than 55 °C (corresponding to high CO; fluxes), while colder values are too
scattered to produce a meaningful relationship. This behaviour is partly due to the heating of
the ground by solar radiation during the field work. The high-flux/high-temperature
correlation also arises by the inspection of Fig. 11b, where the red area includes pixels where
the soil CO; flux and the soil temperature are simultaneously above the median value of the
HF and HT populations, respectively. Common red peak area is 544 m?, with a fitting index
equal to 0.16, where the fitting index is defined as the ratio of the intersection of the
“anomalous” regions divided by their union (Jaccard, 1901; Granieri et al., 2018). The closer
the fitting index is to 1, the larger is the similarity of the extreme value regions of the two
variables. Ultimately, the highly degassing area displays soil temperature as high as 50 °C

and includes the B8 fumarole at discharge temperature of 99 °C (Fig. 11b).

Soil CO, flux > 501 g m” day”’
and T soil > 50 °C
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Figure 11. a) Comparison between the soil brightness temperature and the Log CO> flux
measured in the same locations. The blue line is a quadratic fit of all the data, with global
Pearson’s ¥ = 0.8 Bel relative to 1 g m? day!, and coefficient of determination R? = 0.26.
The Bel is the standard to express the ratio of a quantity with respect to a reference in
logarithmic scale with base 10. In b) the common area where simultaneously the soil CO;

flux and the soil temperature are above the median value of their HF (501 g m? day™') and
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HT (50 °C) populations is shown.

The natural gas manifestations of Le Biancane display different chemical and isotopic
composition depending on their location. In the SW sector there are superheated fumaroles
(B6 and B7 fumaroles) with geochemical characterization similar to those of geothermal
wells located at some distance from Le Biancane, whereas fumaroles in the central sector
(B3, B4, B8) are quite similar to geothermal wells close to Le Biancane area. This could
suggest the pivotal role played by the fracture network in enhancing the secondary
permeability of the shallow reservoir, thus allowing geothermal fluids to maintain the
equilibrium state recorded at depth with a different degree during the movement toward the
surface. Moreover, these preferential pathways for the gas could become blocked over time
by mineral precipitation or formation of clays into the fractures and then migrate elsewhere,
also on a small scale. In addition, chemical and isotopic differences in gas composition could
arise from different relations between rising fluids, infiltrating meteoric waters and, possibly,
for re-injected spent steam. In our opinion, more data of production geothermal wells and
natural manifestations are required for better understanding these aspects.

The HoO/CO:z ratio is typically high for the three fumaroles (B6, B7, and B8) sampled during
the June 2021 survey, ranging from 56 to 84 by weight, with an average value of 71. High
values are also confirmed by fumarole samples collected in 1991 and 2005-2006 (see Table 1
in supplementary material). Assuming the measured H>O/CO; values as representative of the
primary fluid feeding the local natural manifestations, we estimated a total amount of vapour
of 970, 852 and 649 t day! for B6, B7 and BS, respectively, associated with the measured
COz output of 11.5 t day™!. This vapour forms at temperatures between 202 °C and 238 °C,
assuming gas equilibria in the H>O-CO»-CHs-H2-CO system, with relative equilibrium Pu2o
ranging between 15.8 and 31.9 bar, assuming that water partial pressure is controlled by the

presence of liquid water (Eq. 9). In the reservoir, Pco> ranges between 0.15 and 0.42 bar,
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based on the fumarole H2/CO ratio (Eq. 10) and confirmed by the equilibrium in the H>S-
COS-Hz-CO system.

When the vapour rises from depth, it condenses and produces a liquid phase that remains
confined within the reservoir because of the impermeable covering, whereas CO», which is
non-condensable gas, is discharged almost entirely at the soil surface. In the area of Le
Biancane, since the covering is absent, most of the condensate flows to the surface, feeding
the local springs (Chiorba and Acqua Forte, see Fig. 2a for their location) where CaSO4
waters with pH=6.4-6.5 are predominant (Ceccarelli et al., 1987). During our investigation in
May-June 2021, there was no evidence of visible steaming ground (that is, the soil was
generally dry) except for very limited sectors around the main fractures where soil
temperatures > 70 °C were recorded.

The movement of H,O (vapour) and CO; from depth, as well as the steam condensation at
near surface conditions, transfer efficacy energy toward the soil. Following the definition of
Hochstein and Bromley (2005), we used the term ‘vapour’ to refer “to the gas phase of water
without condensation that exists strictly below the ground surface, whereas ‘steam’ is vapour
with minor condensation that occurs in the air and at the near-surface layer”. The heat
transported by the H>O is the sum of three processes (Chiodini et al., 2001), the first one
(process a) associated with the vapour moving from reservoir conditions (T= 202-238 °C,
P20=15.8-31.9 bar) to the condensation layer (T=100 °C and Pu20= 0.99 bar), the second one
(process b) associated to the steam condensation at T=100 °C (assuming the enthalpy of
evaporation equals to 2257 kJ kg!, Keenan et al., 1969) and the third (process c) associated
to the cooling of the condensate (i.e., H2Oiiquia) from 100°C to the local seasonal value of 20
°C. The heat transported by the non-condensable CO> is instead due to the gas movement
(process d) from T and P conditions of the reservoir (T= 202-238 °C, Pc02=0.15-0.42 bar) to

the atmosphere (T=20 °C and Pco>= 400 ppm or 0.0004 bar). Assuming the vapour and the
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CO: mass flux aforementioned, the estimates of the energy associated to each process were
calculated by using the National Institute of Standards and Technology Chemistry WebBook

(Lemmon et al. NIST SRD 69):

Q. = 7.82 x 10%° J day! (or 0.906 MW) - 1.25 x 10! J day! (or 1.45 MW) for T=202 °C
and Pu20=15.8 bar and T=238 °C and Pn20=31.9 bar, respectively;

Qp = 1.46 x 102 J day! (or 16.9 MW) - 2.19 x 1012 J day™! (or 25.3 MW);

Q. = 2.17 x 10*? Jday! (or 2.51 MW) - 3.24 x 10! J day! (or 3.76 MW);

Qg = 1.94 x 10° J day! (or 0.0225 MW) - 2.36 x 10° J day! (or 0.0236 MW) for T=202 °C

and Pco2=0.15 bar and T=238 °C and Pc02=0.42 bar, respectively;

where Qa, Qb, Qc, and Qq are the heat quantities associated with the a, b, ¢ and d processes
described above. Then, the total thermal energy associated with the natural emissions of Le
Biancane ranges from 1.76 x 10! J day™! (or 20.4 MW) to 2.64 x 10'? J day™ (30.6 MW),
most of it (about 99.9%) transported by the H>O. The equivalent specific heat flux (i.e., the
total heat flux normalized by surveyed area) ranges from 255 to 382 W m™, assuming an
emissive area of 80,000 m?. This value is relatively high if compared with the thermal
emission from some volcanic areas characterized by extensive degassing ground (e.g., 50-60
W m at the crater of Vesuvio, Vulcano and Nisyros (Chiodini et al., 2005)), but not too
different from the value found for the Solfatara (224 W m, Chiodini et al., 2001), and
strikingly comparable with the values found by Hochstein and Bromley (2005) in the similar
geothermal system of Wairakei (New Zealand) where specific conductive heat flux of several
hundred W m? (with a maximum of 566 W m™) were computed. The results from our

geochemical and structural studies allowed us to integrate the general sketch proposed by
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Hurvitz et al., (2012) for a vapour-dominant type geothermal field with mass and energy

fluxes typical for LTGF. Figure 12 summarizes the findings of this study.

Q+Q,+Q+Q= Atmospheric conditions:
1.76 x 10" - 2.64 x 10" J day” T=20°C
(20.4 - 30.6 MW) P,,,=0.99 bar; P.,,=0.0004 bar
! Le Biancane ]
Fumarole ; Meteoric water
~~ ~ _  recharge
« " i
Conductive heat 'Spring g
diffusion Diffusive CO, flux
53 B8 SRR LEREEREL)

; aprock

Reservoir (Tuscan Nappe) conditions:

Vapour = 649 - 970 tday' + CO,=11.5 t day”
T=202 - 238 °C

P,,,=15.8 - 31.9 bar; P_,,=0.15 - 0.42 bar

Figure 12. Sketch showing the surface manifestations and the general movement of fluids
and heat at Le Biancane. Fluids upflow along cracks, faults or fractures with very steep dips
and preferential NW-SE and NE-SW orientation (the base of the sketch is from Hurvitz et al.,
2012, modified).

The heat associated to the fluid movement in volcanic-hydrothermal environments is mainly
transferred by conduction in the shallower part of the soil (Chiodini et al., 2005). Assuming a
soil thermal conductivity of the order of I W m™ K'! (Chiodini et al., 2005) and a heat flux of
the order of 300 W m, we expect an average geothermal gradient of the order of 300 K m'!
in the thin conductive region between the surface and the top of the steam condensation layer.

This process warms up the near-surface layer generating thermal anomalies that can be

mapped from the ground and from the space by Thermal InfraRed (TIR)-based observations
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(Hochstein and Bromley, 2005; Harris, 2013). The Land Surface Temperature (LST) map
(Fig. 1d) and the thermal images taken from ground (Fig.s B.1 and B.2, in Appendix B)
highlight a significant thermal anomaly centred at Le Biancane and elongated toward the
north in the adjacent thermal area of Sasso Pisano village. The thermal anomaly seen from
space appears significantly colder than that observed from ground but this is because each
pixel of the image from the space is of the order of 100x100 m?, while for images from the

ground the pixel is of the order of 10x10 cm?.

6. Conclusions

Results have been presented for a multidisciplinary study in the natural degassing area of Le
Biancane, southern portion of the Larderello-Travale geothermal field (LTGF). LTGF is a
typical vapour dominated geothermal field, classified as convective dominated plutonic type
play (Moeck, 2014). It has been exploited for power production since 1913.

Compositional data of local high-T fumaroles, sampled and analyzed over the period of the
investigation (May-June 2021) and previously (in 2005-2006), confirmed that H>O is the
main component (98-99 % mol), followed by CO2 (0.5-1 % mol), and minor amounts of
H>S, CHa, N2, Ho, He, Ar, CO and COS. The gases of the natural manifestations are similar in
chemical composition to those discharged by local geothermal production wells, but indicate
some mixing with air and air saturated water (ASW), at least for some samples.

Available data on stable isotope compositions of steam condensates (in particular those
referred to hydrogen) indicate that some fumaroles (e.g., B6 and B7, located in the SW sector
of Le Biancane) have compositions consistent with the isotope composition of the fluids
feeding geothermal wells affected by re-injection of spent steam, while others (e.g., BS,

located in the central part of Le Biancane) have similarity with the composition of geothermal
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wells before re-injection and therefore with the primary steam and local springs. This is a
very interesting issue to be detailed and more data are needed for fumaroles and geothermal
wells condensates.

Gas geobarometers indicate Puoo of 15.8 bar to 31.9 bar, and Pcoz of a few tenths of bar
(from 0.15 bar to 0.42 bar) in the shallow reservoir, both the intervals in agreement with
those estimated for local geothermal production wells.

A total output of 11.5£0.77 t day! CO, was estimated from an area of about 60,000 m> by
using geostatistical methods. The isotopic composition of 8'°C(coz) suggests that the
sedimentary formation of the Tuscan Nappe, outcropping in the Le Biancane area, is the main
source of CO», with minor contribution of magmatic and biological CO,. The locations with
the most notable CO, degassing (COz flux > 501 g m? day™!) lie in some central spots of the
investigated area, near the fumarole areas, where highest soil temperature (> 50 °C) were
recorded. Because the “anomalous” zones coincide with local well-connected cracks (faults
and fractures), preferentially NW-SE and NE-SW trending, we believe that these cracks
provide preferential but temporary pathways for fluids and heat to migrate to the surface.
Following the approach of Chiodini et al. (2001, 2005) we estimated the thermal energy loss
associated with the natural degassing of Le Biancane. We calculated a thermal energy
ranging from 20.4 MW to 30.6 MW taking account of the main thermal contribution of the
vapour when it moves from reservoir conditions to the surface and the minor thermal
contribution of the CO; travelling with the rising vapour. These values are comparable with
the nominal capacities of the individual geothermal plants currently operating in the
Larderello field (most of them with nominal power of 20 MW, Razzano and Cei, 2015). This
energy heats conductively the near-surface layer, producing a spatial distribution of the
surface temperatures that are correlated with the soil CO; flux in the hottest central sector of

Le Biancane.
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Future works should be aimed at better quantifying gas emissions and heat discharge and
better understanding their spatial correlations, perhaps most importantly using a finer spatial
resolution of the measurements’ grid. Moreover, more compositional and isotope data of
production wells and natural manifestations might help to clarify the complex relations

between rising fluids, infiltrating meteoric waters and re-injected spent steam.

Data Availability Statement
The dataset of soil CO» flux and soil brightness temperature at Le Biancane can be accessed
at https://zenodo.org/record/7152367

The dataset of structural measurements at Le Biancane can be accessed at
https://doi.org/10.5281/zenodo.7156320
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Appendix A: Fracture Network Topological Analysis

The fracture network is represented as a two-dimensional array of lines that intersects each

other (Fig. A.1).

1 node |
O node Y

0 node X

Figure A.l. Schematic model of a fracture network (modified after Sanderson and Nixon,
2015) where the fractures (lines) are divided by their intersections in branches (segments).
The nodes differentiate for the number of branches that they connect.

The intersections between the fractures (in general lines) form segments that are termed
branches. Each branch (B in Figure A.1) is bounded by two nodes. The nodes can be of three
types: i) nodes I with only one termination (green box in Fig. A.l), ii) nodes Y with three
terminations (blue box in Fig. A.l), and iii) nodes X with four terminations (red box in Fig.
A.1). According to Sanderson and Nixon (2015; 2018), there is a direct geometric
relationship between the number and the type of nodes and the number of lines (Nr) and

branches (Ng):

Nr=(Nr+Nx)/2 (1a)
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Ne=(N1+3Ny+4Nx)/2 (1b)

where N, Nx and Ny are the number of nodes I, X and Y, respectively.

Being (N1+Ny+Nx) the total number of branches, the proportion of each type of nodes is:

P=Ny/(N+Ny+Nx) (2a)
Py=Ny/(N+Ny+Nx) (2b)
Px=Nx/(N+Ny+Nx) (2¢)
Pi+Py+Px=1 (2d)

Each branch ends at a node (Figure A.1) and is apparent that an I-node produces one end, a
Y-node produces 3 and an X-node produces 4, totalling (N1 + 3Ny + 4Nx) ends. The
proportion of isolated to connected ends is Ni/(3Ny + 4Nx). Consequently, the probability of
the end of any branch being an isolated (Pr) or connected (Pc) node is given by:

P;=Ny/(Ni + 3Ny + 4Nx) (32)

Pc = (3Ny + 4Nx)/(N; + 3Ny + 4Nx) (3b)

If there is a random assignment of nodes to branches the probability of each branch type is:

PII’ = PP (4a)
PIC’ = Pi*Pc (4b)
PCC’ =P¢? (4¢)
PII’ + PIC’ + PCC’ = 100 (4d)

Each branch is connected to the other branches by nodes, a branch with two nodes I is not

connected (e.g., Bl in Fig. A.l), a branch with a node I and a node X or Y is partially
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connected (B2 in Fig. A.1) and a branch with node Y and/or X is fully connected (B3 in Fig.
A.l).

Using equations (3) and (4) it is possible to compute the proportion of branches defined by
nodes I and those defined by nodes Y or X. As shown in Sanderson and Nixon (2015) the
probability of having non connected branches (PII’), partially connected branches (PIC’) and
fully connected branches (PCC’) is easily derived.

Using these topological observations (Sanderson and Nixon, 2015; 2018), the number of

intersections per line (Cr) and per branch (Csg) are derived as follows:

CL=2(Nx+Ny)/NL (5a)

Cs=(3Ny+4Nx)/Np (5b)

CL and Cp are a proxy of the degree of connectivity of the fracture network. When C1>3.57
and Cp>1.56, the fracture network is very well connected. (e.g., Balberg et al.,1984;
Sanderson and Nixon, 2018). As suggested in Sanderson and Nixon (2018) Cg is a better

proxy for the fracture network connection than Ct.
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Appendix B: Thermal infrared ground measurements

A series of thermal infrared images has been taken during the presented field activities. As
described in the main text, the site shows a wide range of variability that can be qualitatively

and quantitatively analysed by using infrared images. For example in Fig. B.1, a couple of

snapshots are reported.

Figure B.1. The main anomalous area of Le Biancane seen from 2 different points of view.
The FLIR camera E76 has been used to capture these thermal infrared images in the window

7-14 um. The linear colorbar represents the brightness temperature in the range 10-100 °C.

The camera has a resolution of 320x240 pixels, with a field of view of 42x32 degrees. The
146 measures have been taken by positioning the camera at a height of about 1 m high,
looking vertically towards the ground. Each measurement represents the soil brightness
temperature averaged on the central rectangle 160x120 pixels wide (Fig. B.2). This averaging

area is about 40x30 cm?.
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Figure B.2. Example of the field of view used to retrieve brightness temperature
measurements. The linear colorbar represents the brightness temperature in the range 10-100
°C. On the top left is reported the value of the central point (“punto”), while below can be

found the value averaged over the central rectangle (“med”).
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