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Abstract 20 

The natural park of Le Biancane is located in the southern sector of the Larderello-Travale 21 

geothermal field (LTGF). It extends over an approximately 100,000 m2 area where the 22 

impermeable caprock is locally absent and deep fluids may directly reach the surface. 23 

Through a multidisciplinary approach including measurements of soil CO2 flux (total output 24 

of 11.5 t day-1), soil temperature (average 34.4 °C), stable isotope and chemical data on fluids 25 

from fumaroles (dominated by a mixture of geothermal gases and air or gases from air-26 

saturated meteoric water), and structural analysis of the formation outcropping, we found that 27 

anomalous CO2 emissions are positively correlated with shallow temperature anomalies. 28 

These are in restricted locations adjacent to vents and fumaroles, where a network of well-29 

connected fractures (preferentially NW-SE and NE-SW orientated and with steep dips) drains 30 

efficiently allowing upward migration of the deep fluids and the energy toward the surface. 31 

  32 
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1. Introduction 33 

Geothermal fields are characterized by hot and pressurized fluids basically composed by dry 34 

steam or, more frequently, by hot water and vapour, usually followed in mass abundance by 35 

CO2, H2S, CH4, NH3, and Hg (Giggenbach, 1992). Typically, the fluids remain confined 36 

within the reservoir(s) because of an impervious covering and they can be extracted by wells 37 

in exploitation of the geothermal field. However, the system is never fully sealed either 38 

because faults and fractures of the covering may provide pathways for the upward migration 39 

of deep gases and/or because the impermeable caprock is locally missing through erosive or 40 

tectonic processes. In these cases, the fluid may naturally reach the surface and generate 41 

diffuse degassing from the soil, notably of CO2 that represents the main constituent of non-42 

condensable gases. Alternatively, the steam rising with non-condensable gases condenses at 43 

the base of the caprock enhancing the heat transfer by conduction within a thin near-surface 44 

soil layer where a steep temperature gradient develops (Hochstein and Bromley, 2005; 45 

Hochstein and Browne, 2000). Locally, where the caprock is fractured, the steam discharges 46 

the heat advectively through cracks, vents and fumaroles (Hochstein and Bromley, 2005; 47 

Hurwitz et al., 2012). In both cases, the heat transfer raises the temperature of the ground 48 

surface that can be mapped by infra-red (IR) techniques, with highest chances of success in 49 

presence of “bare ground”, namely hot ground not covered by vegetation (Hochstein and 50 

Bromley, 2005).  51 

Migration of fluids in the crust is a prerequisite for many geologic processes such as regional 52 

metamorphism and formation of hydrothermal, geothermal, plutonic, and volcanic systems, 53 

as well as ore deposits (Baba et al., 2019; Cox, 2010; Hardebol et al., 2015; McNamara et al., 54 

2019; Moeck, 2014; Oliver, 1996). In geothermal systems, secondary permeability due to a 55 

fracture network frequently controls the fluid flow (see Bertini et al., 2006; Cerminara and 56 

Fasano, 2012; Cox, 2010; Gianelli et al., 1997; Gudmundsson et al., 2002; Siler et al., 2016; 57 
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Uzelli et al., 2017, 2021). A fracture network can be regarded as a system of fractures 58 

developed within the rock volume and may involve a number of distinct fracture sets which 59 

may or may not intersect. Fractures hierarchies and abutment relationships as well as spatial 60 

orientation and length distribution control the fracture connectivity that, in turn, strongly 61 

controls the permeability of the reservoir (Adler and Thovert, 1999; Barton, 1995; Hardebol 62 

et al, 2015; Sanderson and Nixon, 2015). A network of fractures generally varies in the 63 

spatial distribution over time (e.g. Adler and Thovert, 1999). 64 

Resident time of fluids in geothermal reservoir(s) is generally long enough to attain chemical 65 

equilibrium at depth (Chiodini and Marini, 1998). During upflow from the geothermal 66 

reservoir(s) to the surface physico-chemical secondary processes due to different 67 

thermodynamic conditions encountered along the flow-path may trigger chemical and isotope 68 

modifications of the geothermal fluids. In high vertical permeability conditions, the rapid 69 

ascent of geothermal fluids along fractures and faults can prevent significant changes of 70 

chemical and isotope compositions (Baba et al., 2022; Chiodini and Marini, 1998), 71 

confirming in that case the pivotal role of the connected fracture networks in the fluid 72 

circulation.  73 

The Larderello-Travale Geothermal Field (LTGF) was the first in Italy (Tuscany) and in the 74 

entire world used for the production of electricity (starting from 1913) and remains the most 75 

important vapour-dominated geothermal field in Europe and among the first in the world 76 

(Bertani, 2016). According to Moeck (2014) LTGF is a convection-dominated plutonic 77 

geothermal type play. In this type of play a pluton derived from the magma crystallization 78 

and slowly cooling below the surface is the main source of heat and geothermal fluids whose 79 

migration to the surface is mainly controlled by structural factors (Moeck, 2014). Recently, 80 

monodisciplinary investigations have been made in the LTGF to estimate the soil CO2 81 

degassing (e.g., Cabassi et al., 2021; Venturi et al., 2019), to monitor the surface temperatures 82 
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through satellite and in-situ thermal images (Silvestri et al., 2020), and to define the nature of 83 

the local seismicity by analysing a large dataset of microearthquakes (Piccinini and 84 

Saccorotti, 2018). The recent study of Taussi et al. (2022) integrated geochemical and 85 

geological information to highlight relations among fractures, soil degassing and heat output 86 

in a limited sector of the LTGF.  87 

In this study, we propose a multidisciplinary approach involving geochemical and structural 88 

investigations in order to determine the relations between surface gas emission, T and P 89 

equilibrium conditions at the deep source of gases, warming of the soil, and structural 90 

features of the shallow portion of the LTGF. Geochemical data, in particular soil CO2 flux 91 

also used as tracer of the vapour output and thus of the heat flow, and other information on 92 

surficial structures and thermal conditions of the soils were examined in an effort to provide 93 

the necessary constraints to the physical modelling of the local fluid circulation and heat 94 

release. Moreover, we produced new data regarding the geochemical composition of the local 95 

natural manifestations, revealing for the first time in such manifestations the carbonyl 96 

sulphide (COS) content that is a useful parameter to better constrain the P conditions at depth. 97 

As a test site, we selected Le Biancane natural park, 12 km south of the Larderello village 98 

and fully included in the LTGF. This area is characterized by bare and locally steaming soils, 99 

high temperature fumaroles, hot springs and some hot and acidic mud pools (here named 100 

“lagoni”).  101 

2. Le Biancane study area in the geological, structural and geothermal setting of 102 

the Larderello Travale Geothermal Field (LTGF) 103 

The LTGF is located in the inner part of the Northern Apennines (Italy). The geological 104 

setting of the geothermal field consists (Fig. 1a,b) of a stack of Alpine tectonic units 105 

(Ligurian Units and Tuscan Nappe), which overlie the Tuscan Metamorphic Basement, a 106 
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buried complex of low-grade metamorphic units made up of terrigenous and carbonatic 107 

successions of Permian-Triassic (Musumeci et al., 2002) and Palaeozoic rocks (Batini et al., 108 

1983). Since the Pliocene, the emplacement of granites in the metamorphic tectonic units led 109 

to the development of broad low pressure - high temperature (0.15-0.2 GPa – 500-650 °C) 110 

contact aureoles with development of medium to high grade hornfels rocks and associated 111 

hydrothermal systems (Carella et al., 2000; Cavaretta et al., 1983; Gianelli et al., 1997; 112 

Gianelli and Ruggeri, 2002; Musumeci et al., 2002). The geothermal system, located at 113 

depths between 500 m and 4000 m, evolved from an early stage, coeval with granitic 114 

intrusions, dominated by magmatic and metamorphic fluids, to the present-day stage 115 

dominated by meteoric fluids (Ruggieri et al., 1999). A noteworthy feature of the geothermal 116 

field is the K-Horizon (Fig. 1b), a regional-scale seismic reflector recognized at the 3-8 km 117 

depth range, at the top of Quaternary granites (Batini et al., 1978, 1985; Bertini et al., 2006). 118 

This reflector is characterized by a strong amplitude bright-spot signal, suggesting the 119 

presence of fluids of magmatic and/or metamorphic origin hosted within cracks and/or micro-120 

cracks (Batini et al., 1983; Gianelli et al., 1997). At shallower depths (2-4 km), there is 121 

another reflective marker, the so-called H-horizon, corresponding to the contact aureola of 122 

the Pliocene granites (Bertini et al., 2006).  123 

The explored area of the Larderello geothermal field is about 250 km2, and produces about 124 

4300 t h-1 (tons per hour) of superheated steam at temperatures between 150-270 °C and 125 

pressures of 0.2-1.8 MPa, associated to an average content of non-condensable gas ranging 126 

from 1 to 15% by weight (Razzano and Cei, 2015). The adjacent explored area of Travale 127 

covers approximately 50 km2 and produces a total of 1300 t h-1 of superheated steam at 190-128 

250 °C and 0.8-2 MPa pressure, with a content of non-condensable gas in the range 4-8% by 129 

weight (Razzano and Cei, 2015). Both fields are connected to a unique deeper geothermal 130 

reservoir, located in the Paleozoic metamorphic units (Bertini et al., 2006), representing the 131 
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exploited reservoir at the present (Fig. 1b). This unique geothermal system can be delimited 132 

by the 300 °C isotherm, which at 3000 m depth includes an area of over 400 km2 extending 133 

from the western margin of the Larderello field to the Travale area (Bertini et al., 2005). In 134 

the past (up to about 30 years ago) the geothermal resource of the Larderello-Travale area 135 

was extracted from the upper reservoir, hosted within Mesozoic limestones of the Tuscan 136 

Nappe at depths of 500-1500 m and capped by an impervious covering of the clayey Ligurian 137 

Units (Liotta and Brogi, 2020). Faults in the LTGF are mainly normal faults associated with 138 

the latest extensional episode which is lasting since the late Pliocene (Brogi et al., 2003). 139 

Faulting affects different crustal levels with major NW-SE trending normal faults and NE-140 

SW trending oblique to strike-slip steeply dipping faults (Liotta and Brogi, 2020).  141 

In the southern part of the LTGF, where Le Biancane area lies, the carbonate-anhydrite 142 

formations of the Tuscan Nappe outcrops (Fig. 1b,c), allowing the infiltration of meteoric 143 

water to depth, thus partially feeding the shallow reservoir (Ceccarelli et al., 1987). The 144 

possible interference zones between meteoric water infiltration and deeper geothermal fluids 145 

have been indicated by the presence of liquid water instead of vapour in exploration wells 146 

and at times by thermal inversion at the field boundaries (Arias et al., 2010). The same 147 

authors estimated, by means of the gas/steam ratio, that the total steam flow rate from local 148 

recharge is about 390-580 t h-1 (i.e., 3.3 - 5.0*106 m3 y-1) for the whole LTGF system.  149 

A Land Surface Temperature (LST) map retrieved by satellite data shows that a thermal 150 

anomaly is centred at Le Biancane and it extends northwards in the adjacent thermal area of 151 

Sasso Pisano village (Fig. 1d). 152 
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 153 

Figure 1. a) Geologic sketch map of the Larderello-Travale Geothermal Field (modified after 154 

Liotta and Brogi, 2020). The red dot in the inset is the location of the LTGF; the dotted black 155 

box is zoomed in Fig. 1c. b) Geological sketch section (A-A’ in Fig. 1a; modified after Arias 156 

et al., 2010 and Liotta and Brogi, 2020). c) Geological and tectonic sketch map of Le 157 

Biancane area (modified after Liotta and Brogi, 2020); the dotted black box is zoomed in Fig. 158 

1d). d) Map of Land Surface Temperature derived from the scene acquired on 15 June 2021 159 

at 20:59 UTC by the TIRS (Thermal InfraRed Sensor) instrument, onboard the Landsat8 160 

mission, applying the atmospheric corrections described in Barsi et al. (2003). A constant 161 

emissivity (𝜖𝜖r=0.97) has been hypothesized for the whole scene, to improve the temperature 162 

estimation in the pixels where the land coverage class is mostly bare soil. 163 

3. Field activities at Le Biancane and methodologies 164 

Field activities at Le Biancane were performed to characterize the process of CO2 degassing 165 

and heating from local soils, also identifying fault-related anisotropies in their spatial 166 
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distributions.  167 

The surveys were conducted during the local dry season, in May-June, 2021 and included: i) 168 

197 soil CO2 flux measurements over a grid of ~ 60,000 m2 covering the main degassing area 169 

of Le Biancane and immediate surroundings; ii) 146 soil brightness temperature 170 

measurements through thermal IR imaging over the degassing area; iii) sampling and analysis 171 

of three fumaroles falling in Le Biancane area; iv) structural analysis of the local fracture 172 

systems and their relationships with the bedding planes at 46 points (Fig. 2 a,b). 173 

 174 

 175 
Figure 2. Aerial pictures (from Google Earth®) of Le Biancane study area showing the 176 

locations of a) Soil CO2 flux, soil temperature, fumaroles and springs sites. b) Points for 177 

structural and topological analysis. Inset of a) shows the locations of the fumaroles at Le 178 

Biancane (dashed rectangle) and in the Sasso Pisano area. The images are hereafter projected 179 

in the Universal Transverse Mercator (UTM) geographic coordinates, datum WGS 1984, 180 

zone 32°N. 181 

 182 
3.1. Soil CO2 flux and soil temperature measurements and data treatment  183 
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Soil CO2 flux and soil brightness temperature measurements were taken at Le Biancane to 184 

quantify the CO2 output from the soil and to investigate potential relationships between the 185 

spatial pattern produced by high CO2 flux and elevated shallow soil temperatures.  186 

The soil CO2 flux measurements were made through the accumulation chamber method 187 

(Chiodini et al., 1998) and punctual measurements were treated with the sequential Gaussian 188 

simulation (sGs) approach (Cardellini et al., 2003) to provide the spatial distribution of the 189 

soil CO2 degassing and the quantitative estimate of the total CO2 output. In addition, the CO2 190 

flux measurements were arranged on logarithmic probability plots, where the unusual 191 

abscissa represents units of standard deviation corresponding to different theoretical quantile 192 

thresholds. As discussed by Sinclair (1974), in such plots a single lognormal population 193 

would plot as a straight line, while n overlapping lognormal populations would result on a 194 

curve with n-1 inflection points. The procedure of Sinclair (1974) permits to recognize the 195 

presence of mixtures of more populations and to separate each of them through the estimation 196 

of the relative proportion, the median and the standard deviation. Since the derived values 197 

refer to the logarithm of the values, the median soil CO2 flux and the 90% confidence interval 198 

of the median for each population were computed by using the Sichel’s t estimator (David, 199 

1977).  200 

In most of the sites corresponding with the CO2 flux locations (Fig. 2a), we acquired thermal 201 

images with a portable thermal IR camera (mod. FLIR E76), to infer actual ground surface 202 

temperatures and to define the extent of the “anomalous” thermal area to be compared with 203 

the main CO2 degassing area (see Fig. B.1 in Appendix B for a thermal infrared view of the 204 

main anomalous area). The FLIR E76 thermal camera was equipped with a 42° field of view 205 

optic. Emissivity and atmospheric temperature were set at 0.98 and 20 °C, respectively, while 206 

atmospheric absorption was switched off given the source proximity. The first centimetres of 207 

terrain were removed before making thermal images to minimise the effects of the vegetation 208 
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and direct solar irradiation. The camera was operated horizontally about 1 m above the 209 

ground to capture a rectangular area of 40x30 cm2, including 160x120 pixels (Fig. B.2 in 210 

Appendix B). The soil brightness temperature was then taken by averaging the temperature of 211 

the pixels of the scene. Maps of brightness temperature were produced by using the same 212 

statistical interpolation method used for the gas flux (i.e., the sGs approach) and the 213 

representation on a probability plot was used to partition the mixture of real data into separate 214 

populations by using the Sinclair (1974) procedure.  215 

The emissivity of the Biancane soil was estimated to vary in the range 𝜖𝜖 = 0.94 - 0.99 from 216 

information about soil composition and structure (Mineo and Pappalardo, 2021). This 217 

uncertainty is one of the factors defining the confidence interval of the brightness 218 

temperatures presented here. The brightness temperature confidence interval related to the 219 

emissivity was evaluated by applying the algorithm presented in Calusi et al. 2020. When 𝜖𝜖 220 

ranges in the values fixed above, the difference between the soil brightness temperature and 221 

the ambient temperature varies of about 2% with respect to the value obtained with an 222 

average value 𝜖𝜖 = 0.965. Thus, the absolute error due to the uncertainty in emissivity ranges 223 

from negligible values when the observed temperature is similar to the ambient temperature 224 

up to 2 °C for the hottest points observed at Le Biancane. This uncertainty is within the 225 

instrumental error of the thermal camera used in this work. 226 

The use of statistical methods appropriate for lognormally (soil CO2 flux) or normally (soil 227 

brightness temperature) distributed data has allowed for the identification of different 228 

statistical populations that can be eventually related to different sources of gas and heat 229 

(basically, shallow or deep sources).   230 

 231 

3.2. Gas sampling and analytical procedures 232 

Samples of gas were collected from three high-temperature fumaroles located within or 233 
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adjacent to the area investigated for the soil CO2 degassing (B6, B7, and B8, Fig. 2a). Gas 234 

samples were collected in June 2021 using two different methods. The first method, was to 235 

use pre-evacuated two stop-cocks glass bottles partially filled with aqueous solution of 4.5 N 236 

sodium hydroxide  (Giggenbach, 1975). The second method was to employ a glass condenser 237 

with ethyl-ether for separation of steam from non-condensable gases (Cioni et al., 1988). At 238 

each sampling point, the temperature of gas emission was measured before and after sample 239 

collection.  240 

Chemical and isotope analyses were performed in the Institute of Geosciences and Earth 241 

Resources of the National Research Council of Italy (IGG-CNR). H2, He, Ar, O2, N2 and CH4 242 

concentrate in the headspace of glass bottles partially filled with caustic solution and were 243 

detected using a Perkin Elmer Clarus 580 gas chromatograph equipped with capillary 244 

column, TCD and FID detectors (the last detector used for detection of low CH4 245 

concentrations). CO2 and H2S were absorbed in the sodium hydroxide aqueous solution and 246 

were determined by acid-base titration and ion chromatography, respectively, after the 247 

oxidation with hydrogen peroxide. In dry gas samples collected following the method by 248 

Cioni et al. (1988), low H2 and CO concentrations were detected using a high-sensitivity 249 

Reduction Gas Detector (HgO; detection limit better than 0.05 ppmv), whereas COS was 250 

analysed using the high-selectivity and high-sensitivity (detection limit 0.5 ppbv) GC-ICP-251 

MS system, coupling with special transfer line the GC Agilent 7890B with the ICP-MS 252 

Agilent 7800, as described in Lelli (2021). Dry gas samples were also used to measure the 253 

δ13CCO2 (‰ VPDB - Vienna Pee Dee Belemnite) by means of GC-combustion interface 254 

coupled with a mass spectrometer (Trace GC Ultra - Thermo Scientific). δD and δ18O in 255 

steam condensates were measured by Liquid Water Isotope Analysis based on Off-Axis 256 

Integrated Cavity Output Spectroscopy. All chemical data obtained have analytical 257 

uncertainties ≤ 5% for the main gas components and ≤ 10 % for minor and trace gas species. 258 
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The uncertainties for C, O and H isotopes are ±0.1‰, ±0.05‰ and ±1‰, respectively.  259 

The analysis of fumarole gases (including water vapour) permitted to compare their 260 

composition with that of local production wells, to discriminate between mantellic and 261 

hydrothermal-geothermal origin of the fluids and, finally, to identify the T and P conditions 262 

in the geothermal reservoir(s).  263 

3.3. Structural analysis 264 

Structural analysis of the Biancane site has been used to define the fracture network that 265 

allows fluid circulation in the shallow portion of the geothermal system. In this work, the 266 

term fracture includes any form of discontinuity in the rock, such as faults, joints, 267 

deformation bands, cracks, etc. 268 

At 46 locations in the Le Biancane area (Fig. 2b) the fractures’ and bedding planes’ attitudes 269 

have been acquired. At 8 locations, out of the 46, oriented pictures were taken for a 270 

topological analysis of the fracture network (Fig. 2b).  271 

The topology of the fracture network defines how the fractures intersect and it provides an 272 

estimate of the fracture network connectivity (Sanderson and Nixon, 2015, 2018). The 2D 273 

fracture network representation consists of fracture traces that intersect each other forming 274 

fracture segments bounded by nodes (Sanderson and Nixon, 2015; see also Fig.  A.1 in 275 

Appendix A). A node is the point where a fracture intersects another fracture or the point 276 

where the fracture ends. The node can be of three types: i) type I with only one termination 277 

(green box in Fig.  A.1 in Appendix A), ii) type Y with three terminations (blue box in Fig.  278 

A.1), and iii) type X with four terminations (red box in Fig.  A.1). The segments defined by 279 

nodes are termed branches, while each fracture trace is termed a line. Sanderson and Nixon 280 

(2015, 2018) showed that by analysing the types of the nodes (i.e., terminations of the 281 

branches) and their relative proportions it is possible to define numerical parameters, such as 282 

the number of intersections per line (CL) and per branch (CB), that are good proxies for the 283 
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degree of the network connectivity. In particular, when CL>3.57 and CB>1.56, the fracture 284 

network is very well connected (e.g., Balberg et al.,1984; Sanderson and Nixon, 2018). As 285 

suggested in Sanderson and Nixon (2018), CB is a better proxy for the fracture network 286 

connectivity than CL. Moreover, by using the type and the number of nodes it is also possible 287 

to derive the probability that a branch (fracture segment) is not connected (PII’), partially 288 

connected (PIC’) or fully connected to other branches (PCC’). For details, see Appendix A. 289 

 290 

4. Results 291 

4.1. Soil CO2 flux and soil temperature  292 

Measurements of soil CO2 flux at Le Biancane (197 samples) gave an average value of 188 g 293 

m-2 day-1 and a range of variation of orders of magnitude, from a minimum of 0.04 g m-2 day-1 294 

to 7252 g m-2 day-1 (Table 1). The probability plot and the frequency distribution histogram of 295 

the soil CO2 flux measurements (Fig. 3a and 3a’) show that their statistical distribution is the 296 

result of three combined log-normal populations representing high, low, and very low CO2 297 

flux populations (HF, LF, VLF, respectively). The CO2 flux measurements included in the LF 298 

and VLF populations represent the larger proportion (85%) of the dataset and gave mean and 299 

median values of 21.4 g m-2 day-1 and 7.1 g m-2 day-1 (LF) and 1.02 g m-2 day-1and 0.32 g m-2 300 

day-1 (VLF), respectively (Table 1). These values fall in the range of the CO2 flux produced 301 

by the biological activity of the soil (0.2-21 g m-2 day-1; Cardellini et al., 2003) and are quite 302 

low, demonstrating a scarce activity of the local soil characterized by absent or damaged 303 

vegetation. The HF population comprises 15% of measurements (30 samples) and returns a 304 

mean and median value of 1471 g m-2 day-1 and 501 g m-2 day-1, suggesting the presence of a 305 

deep source of CO2. The large differences between mean and median values highlight that the 306 

frequency distributions of the partitioned soil CO2 flux populations (normally distributed in 307 

logarithmic scale) are positively skewed. In the case of skewed distribution with a few 308 
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outliers the median is better than the mean for providing values that may be considered as 309 

anomalous.  310 

Soil brightness temperatures (146 samples) gave an average value of 34.4 °C and a large 311 

range from 18.5 °C to 80.5 °C (Table 1). The temperature measurements are also partitioned 312 

into three populations including high, intermediate, and low soil temperatures (HT, IT, LT, 313 

Table 1 and Fig. 3b and 3b’). The HT population (with an average of 50 °C) comprises 15% 314 

of temperature measurements (22 samples), whereas most of the temperature measurements 315 

(70%) fall in the IT population (33 °C on average) and only a few sites show a low soil 316 

brightness temperature (15% of measurements with average temperature of 23 °C) mainly 317 

located in shaded or vegetated zones at edges of the study area. For the soil brightness 318 

temperature mean and median of the partitioned populations are coincident since the relative 319 

values are normally distributed.  320 

Examination of Fig. 3a’ and 3b’ shows that the HF population has a stronger characterization 321 

than HT population since the spread of data around the median is smaller than HT, although 322 

the relative proportions of the two populations are equal (15%). For this reason, the HF 323 

population is clearly recognizable from the adjacent LF population, while the values of the 324 

HT population are scattered widely about the median and overlap with the tail of the IT 325 

population.  326 

 327 
Table 1. Summary statistics for the CO2 flux, brightness temperature and related partitioned 328 
populations. In the columns relative to raw datasets the number of measurements, the mean, 329 
the minimum and the maximum of the whole dataset are reported. The proportion (f), the 330 
mean and the median of the partitioned populations are reported in the three right columns. 331 
Mean and median of the partitioned populations are supported by their two-sided 90% 332 
confidence interval (superscript and subscript values). 333 

 Raw dataset Partitioned populations 

Parameter # meas. 
points  

Mean [Min-Max] 
(g m-2 day-1) 

f Mean  
(g m-2 day-1)  

Median  
(g m-2 day-1)  

Soil CO2 flux 197 188 [0.04 - 7252] 
 

HF 15% 

LF 80% 
HF 14728453985  

LF  21.515.9
31.9  

HF 5012881358  

LF  7.15.2
10.5  
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VLF 5% VLF  1.020.41
18.9 VLF  0.320.13

5.83 

  # meas. 
points 

Mean[Min-Max] 
( °C) 

 Mean =Median 
( °C) 

Soil brightness T 146 34.4 [18.5 - 80.5] 
 

HF 15% 

LF 70% 

VLF 15% 

 HT 50±5.0 

 IT 33±1.3 

 LT 23±0.7 

 334 

 335 

 336 
 337 

Figure 3.  Probability plot of a) soil CO2 flux (Log scale) and b) soil brightness temperature 338 

measurements. Both parameters have polymodal distributions resulting in the mixture of 3 339 

individual populations (black curves). Each population plots as a straight line (coloured 340 

lines). The intercept of each partitioned population with the 50% line (marked vertical line) 341 
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gives the median of the population (α50%), while its standard deviations (β) can be read as the 342 

difference associated to the interval 16% to 50% (or 50% to 84%). The derivation of these 343 

parameters is shown, as an example, for the HF population in a) and for the HT population in 344 

b). The mean and the standard deviation of the partitioned populations are reported in 345 

brackets. Frequency distribution histograms of soil CO2 flux (Log scale) and soil brightness 346 

temperature measurements are shown in a’) and b’), respectively. The partitioned populations 347 

are drawn by using a Gaussian with the derived median and standard deviation. Vertical 348 

dashed red lines identify the median of the HF and HT populations. In a’) and b’) the black 349 

curves are the resulting theoretical distributions of the mixture of the partitioned populations 350 

for the soil CO2 flux and soil brightness temperature, respectively. See the text for further 351 

details. 352 

 353 
The maps of the soil CO2 flux and soil brightness temperature, returned by the sGs procedure, 354 

are shown in Fig.s 4a,b. A total CO2 output of 11.5±0.77 t day-1 was estimated for the 355 

investigated area of about 60,000 m2. Main degassing areas define some spots in the central 356 

and NE sector of the study area (Fig. 4a) roughly distributed along a NE-SW band, a 357 

direction coincident with the orientation of the faults bordering Le Biancane area (Fig. 1c). 358 

These degassing areas were identified as having hot ground by the mapping of the soil 359 

brightness temperature (Fig. 4b). In particular, the main CO2 soil flux anomaly (with values 360 

exceeding the median value of the HF population, see Fig. 4a) falls in the sector of the B8 361 

fumarole (Fig. 2a) where measured temperatures as hot as 50 °C occur (i.e., temperatures 362 

higher than the median value of the HT population).  363 
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 364 
Figure 4. Maps of the sGs results for a) Soil CO2 flux and b) Soil brightness temperature. 365 

The black outlines in both maps enclose regions of the respective HF and HT populations, 366 

namely where soil CO2 flux > 501 g m-2 day-1 and soil brightness temperature > 50 °C. In a) 367 

the total soil CO2 output is indicated together with the extension of the investigated area.  368 

 369 
4.2. Gas geochemistry 370 

We present here the chemical and isotopic compositions of the fumaroles sampled at Le 371 

Biancane in June 2021, together with unpublished data of other local fumaroles sampled and 372 

analyzed in 2005-2006 by a subset of the authors of this study. For comparison, we also 373 

considered the chemical composition of local fumaroles and geothermal production wells 374 

reported in Chiodini et al. (1991), Chiodini and Marini (1998) and Menichini (2006). Most of 375 

these samples fall in the neighbourhood of Le Biancane, but unfortunately the authors do not 376 

indicate their precise locations. 377 

Fumarole samples contain more than 98-99% (mol) water, and on a water-free basis, CO2, 378 

H2, CH4 and H2S are the most abundant gas components (Table 1 in supplementary material). 379 

The gases from the fumaroles have a similar chemical composition of those found in the 380 
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geothermal production wells (Table 1 in supplementary material).  381 

B6 and B7 fumaroles are located in the SW side of  Le Biancane area (see location in Fig. 2a) 382 

and discharge superheated vapour with temperature of 110.5 °C and 115.3 °C, respectively. 383 

Such high values seem to characterize only this portion of Le Biancane. In the central sector 384 

of the investigated area (characterized by higher morphological elevation) the B8 fumarole 385 

shows a discharge temperature of 99 °C. It is interesting to note that the B6 fumarole sample 386 

of July 2006 recorded a high temperature of 129.4 °C (Table 1 in supplementary material). 387 

Similar temperature trends were also recorded in some shallow production wells located 388 

around this area (Enel Green Power, 2022, personal communication).  389 

Other natural gas manifestations sampled in 2005-2006 inside Le Biancane area (i.e., B1, B2, 390 

B3, B4, in Fig. 2a) and abroad (i.e., LS1, SP1, SP2, V1, V2, V3, inset of Fig. 2a) showed 391 

outlet temperatures close or very close to the water boiling point at the local atmospheric 392 

pressure conditions (Table 1 in supplementary material), some of them were characterized by 393 

low flow. This indicates that the condensation near surface level could affect some of the 394 

collected gases. 395 

In the triangular CO2-N2-Ar diagram (Fig. 5a) all collected samples plot inside the 396 

compositional triangle mantle-air-air saturated water (ASW), suggesting mixing between 397 

these three end members, with the prevalence of the mantle component. Exceptions are two 398 

fumaroles located about 500 m N of Le Biancane (i.e., V1 and V3, Fig. 2a) which are 399 

characterized by different N2/Ar ratio and the B2 fumarole, inside Le Biancane, showing 400 

higher contents of air along the mantle-air mixing line. Using gas species less affected by 401 

steam separation and/or condensation processes, the triangular CH4-CO-H2 diagram (Fig. 5b) 402 

allows discrimination between high temperature volcanic gases and hydrothermal-geothermal 403 

gases (Chiodini et al., 1992). As expected, all collected gas samples plot close to the CH4-404 

vertex (e.g., hydrothermal-geothermal gases), in very good agreement with gas samples 405 
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collected from LTGF wells. 406 

 407 

Figure 5. Ternary plots of Le Biancane gases. a) CO2-Ar-N2 plot. The compositions of 408 

mantle, air and air saturated water (ASW) are also reported. b) CH4-H2-CO plot. Open circles 409 

are geothermal wells of the LTGF (data from D’Amore et al., 1987 and Chiodini et al., 1991). 410 

The field of typical volcanic gases is also shown (data from Giggenbach, 1996). 411 

Using the approach described in Bertrami et al. (1985), the equilibrium between gas species 412 

in geothermal fluids discharged by fumaroles and production wells was evaluated, 413 

considering the system H2O-CO2-CH4-H2-CO. The following independent reactions were 414 

considered: 415 

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2 = 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶(𝑔𝑔𝑔𝑔𝑔𝑔)   (1) 416 

𝐶𝐶𝐻𝐻4 +  3𝐶𝐶𝐶𝐶2 = 4𝐶𝐶𝐶𝐶 +  2𝐻𝐻2𝐶𝐶(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)         (2) 417 

 418 

assuming that water partial pressure is controlled by the presence of liquid water. This 419 

hypothesis is valid also for vapour-dominated geothermal systems, according to accepted 420 

models (e.g., Truesdell and White, 1973). 421 

The equilibrium constants of reactions (1) and (2) can be written as follows, considering the 422 

distribution of gas species between gas and liquid phase: 423 
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K1 = XH2O⋅XCO
(1−XH2O)⋅XCO⋅XH2

⋅
(y+ 1−y

BCO2
)⋅(y+1−y

BH2
)

(y+1−y
BCO

)
   (3) 424 

K2 = XCO
4

XCO2
3 ⋅XCH4

⋅
(y+ 1−y

BCO2
)3⋅(y+1−y

BH2
)

(y+1−y
BCO

)4
   (4) 425 

 426 

where Bi represent the distribution coefficient for component i between vapour and liquid 427 

phase, XH2O is the molar fraction of the water in the total fluid, Xi is the molar fraction of the 428 

component i in the non-condensable fraction and y is the steam/liquid ratio in the 429 

equilibration zone (y=1 means only steam is present at depth). Both equilibrium constants are 430 

influenced by the steam/liquid ratio but, as suggested by Bertrami et al. (1985), the influence 431 

on equation (4) is smaller. 432 

The functions describing the correlation from temperature of the vapour-liquid distribution 433 

coefficient Bi in the range 100-340 °C are given by Giggenbach (1980) for CO2, CH4 and H2, 434 

and Bertrami et al. (1985) for CO:  435 

log𝐵𝐵𝐶𝐶𝐶𝐶2 = 4.7593 − 0.01092 ⋅  𝑇𝑇(°𝐶𝐶)  436 

log𝐵𝐵𝐶𝐶𝐶𝐶4 = 6.0783 − 0.01383 ⋅  𝑇𝑇(°𝐶𝐶)    437 

log𝐵𝐵𝐶𝐶2 = 6.2283 − 0.01403 ⋅  𝑇𝑇(°𝐶𝐶)   438 

log𝐵𝐵𝐶𝐶𝐶𝐶 = 6.3173 − 0.01388 ⋅  𝑇𝑇(°𝐶𝐶)  439 

 440 

On the basis of thermodynamic data from Barin and Knacke (1973) the following equations 441 
were obtained: 442 

logK1 =  1.9363 −  2001.65
(T°C+273.15)

   (5) 443 

logK2 =  8.0651 −  13605.63
(T°C+273.15)

   (6) 444 

 445 

Equations (5) and (6) were used to calculate the temperature and steam /liquid ratio in the gas 446 

equilibration zone. Because equation (4) is practically independent from the steam/liquid 447 
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ratio, at least for y>0.05 (Bertrami et al., 1985), only the temperatures calculated for the 448 

system H2O-CO2-H2-CH4-CO were considered (GCT in Table 1 in supplementary material).             449 

The estimation of the equilibrium temperatures for the local fumaroles (Fig. 6 and Table 1 in 450 

supplementary material) ranges from 202 °C (B8 fumarole) to a maximum value of 238 °C 451 

(B7 fumarole and B6 fumarole in 2006), in agreement with the temperatures measured in the 452 

Larderello geothermal system (Bertrami et al., 1985; Bertani et al., 2005). Fumarole samples 453 

possibly affected by condensation have been omitted from Figure 6. In general, the fumaroles 454 

of Le Biancane and surrounding area show the same pattern indicated by the fluids 455 

discharged by geothermal wells, suggesting common sources and evolution trends of gases. 456 

Assuming that fugacity of water pressure corresponds to water saturation pressure, the 457 

following function for pure water can be used to estimate PH2O (Table 1 in supplementary 458 

material): 459 

logPH2O  = 5.51 −  2048
(T°C+273.15)

   (7) 460 

 461 

For the June 2021 samples, PH2O ranged from 15.8 bar (B8 fumarole) to 31.9 bar (B7 462 

fumarole), in very good agreement with estimates for geothermal wells and other local 463 

fumaroles sampled in different years (Table 1 in supplementary material). Using the 464 

equilibrium constant (equation 3) of the reaction (1), the water saturation pressure previously 465 

calculated has been used to obtain PCO2 by means of the following equation (Chiodini and 466 

Cioni, 1989): 467 

logPCO2  = 3.573 − ( 46
(T°C+273.15)

)  −  log H2
CO

   (8) 468 

 469 

The results indicate PCO2 values of a few tenths of bar calculated for natural gas emissions 470 

collected in June 2021 (from 0.15 bar of B8 fumarole to 0.42 bar of B7 fumarole), which are 471 
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in agreement with the values of some geothermal wells (Chiodini et al., 1991). 472 

 473 

Figure 6. Plot log[X4
CO/(XCH4⋅X3

CO2)] vs. log[(XH2O⋅XCO)/(1-XH2O)⋅XCO2⋅XH2)]. XH2O refers 474 

to water molar fraction on total fluids, whereas XCO, XCH4 and XCO2 represent molar fraction 475 

of components in non-condensable fraction (from Bertrami et al., 1985, modified). The 476 

steam/liquid ratio is indicated with y. Symbols of the samples as in Fig. 5. 477 

Chiodini et al. (1991) showed that also the H2S/COS ratio can be used to evaluate PCO2 in the 478 

gas equilibration zone, obtaining results comparable with those derived from the H2/CO ratio. 479 

These authors proposed the following gas reactions:  480 

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝑆𝑆 = 𝐶𝐶𝐶𝐶𝑆𝑆 + 𝐻𝐻2𝐶𝐶      (9) 481 

𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑆𝑆 = 𝐶𝐶𝐶𝐶𝑆𝑆 + 𝐻𝐻2   (10) 482 

 483 

to derive the PCO2 based on the H2S/COS ratio, using the equilibration temperature of fluids 484 

calculated by the geothermometric expression of Bertrami et al. (1985) and considering the 485 

equilibrium conditions attained in a pure vapour phase. It is worth highlighting that the study 486 
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of Chiodini et al. (1991) is built on the COS content and COS/CO2 ratios measured in 487 

geothermal fluids of 12 production wells of the Larderello field. Because of the analytical 488 

difficulties to detect COS in natural fluids, this approach has not led to any other application, 489 

although it was very promising.  490 

In this study we set up a suitable analytical procedure to detect all the components involved 491 

in the two gas reactions above mentioned (Eq.s 9 and 10), and we were able to detect, for the 492 

first time in natural geothermal manifestations, the COS content with reliable accuracy and 493 

precision. The derived PCO2 values for the three fumaroles of le Biancane sampled in June 494 

2021 are of the same magnitude (a few tenths of bar) of those calculated by the H2/CO ratio 495 

(see Table 1 in supplementary material). Moreover, their compositions show a similar pattern 496 

associated to the fluids of the geothermal wells, approaching the theoretical equilibration 497 

vapour phase curve calculated at a temperature of 200 °C (Fig.7).  498 

  499 

Figure 7. Plot log (XH2S/XCOS) vs. log (XH2/XCO) (from Chiodini and al., 1991, modified). 500 

The theoretical ratios for vapour and liquid phase at different PCO2 and at T= 200 °C are also 501 

reported as equilibration vapour phase and equilibration liquid phase lines, respectively. 502 
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Available data from Larderello geothermal wells are included (Chiodini et al., 1991). 503 

Symbols of the samples as in Fig. 5. 504 

The isotopic composition of δ13C(CO2) in LTGF gas samples ranges from -2.35 to -4.19‰ 505 

(Table 1 in supplementary material) in very good agreement with isotope data of geothermal 506 

wells drilled in the sedimentary carbonate shallow geothermal reservoir, which are 507 

characterized by values ranging from -2.80 to -5.9‰ (Gherardi et al., 2005). This finding 508 

suggests that the carbonate-evaporite sedimentary formation of the Tuscan Nappe, 509 

outcropping in Le Biancane area, is the main source of CO2, though minor contributions of 510 

magmatic CO2 (typical range from -3 to -8‰) cannot be ruled out. 511 

Oxygen and hydrogen isotope analyses were performed on steam condensate samples. As 512 

shown in Table 1 (supplementary material), super-heated B6 and B7 fumaroles have δ18O = -513 

3.63‰ and -3.83‰, respectively, and δD = -36.2‰ and -36.4‰, respectively, whereas the 514 

B8 fumarole (with discharge temperature of 99 °C) has isotope composition of δ18O = -515 

5.01‰ and δD = -44.3‰. These values are reported in the classical δ18O‰ vs δD‰ 516 

correlation diagram (Fig. 8), together with data for local cold and thermal springs (Panichi et 517 

al., 1974) and condensed steam from geothermal wells tapping the shallower reservoir 518 

collected before (sampling data 1964-1969, Panichi et al., 1974) and after water re-injection 519 

(sampling date 1986, Bolognesi, 2011). The isotopic composition of local re-injected water 520 

(D’Amore et al., 1987; Cappetti et al., 1995; Panichi et al., 1995) and the field of the primary 521 

steam (Cappetti et al., 1995; Bolognesi, 2011) are also shown. For reference, the Water 522 

Meteoric Water Line (WMWL, Craig, 1961) and Central Mediterranean Meteoric Water Line 523 

(CMMWL, Gat and Carmi, 1970) are also plotted. In Figure 8 the steam condensates from 524 

geothermal wells collected before re-injection (open circles) show a horizontal displacement 525 

characterized by large variations in δ18O (-5.5/+0.5‰). As mentioned in Panichi et al. (1974), 526 

the water-rock interaction process between water and oxygenated rocks (as limestone and/or 527 



25 
 

silicates) can explain such an oxygen shift toward higher values, even if different δ18O 528 

enrichments noted in some areas could reflect other processes (i.e., complex deep circulation 529 

pattern and/or different thermal conditions). The alignment of the data before re-injection 530 

points towards the isotopic compositions of cold and thermal waters and fits with the 531 

hypothesised isotope composition for the local natural recharge (Panichi et al., 1974; 1995). 532 

Mixing processes between surface meteoric waters and deep fluids occurring in the shallow 533 

reservoirs may also explain this distribution. Starting from the composition of the primary 534 

steam hypothesised in Larderello (Cappetti et al., 1995; Bolognesi, 2011), the samples of the 535 

geothermal wells collected in 1986 (i.e., after re-injection) clearly show the influence of the 536 

local re-injected water (Fig. 8). Steam condensates from natural gas emissions sampled in 537 

June 2021 show different distributions. In particular, superheated fumaroles (samples B6 and 538 

B7) show δD values significantly more positive than those typical for the primary steam and 539 

geothermal wells collected before re-injection. Their values seem to be consistent with those 540 

for geothermal wells affected by re-injection, even if δD values up to -35‰ are sometimes 541 

found in some geothermal wells in the area, which are not affected by re-injection (Enel 542 

Green Power, 2022 personal communication). Very different behaviour is shown by the 543 

sample B8, which shows a more negative δD composition, in agreement with those found for 544 

geothermal wells before re-injection and therefore also with the primary steam and local 545 

springs. 546 

Helium isotopic compositions for natural gas manifestations are available only for samples 547 

collected in 2005-2006 (Menichini, 2006). The R/Ra ratio (where R is the 3He/4He ratio of the 548 

sample and Ra that of the air, 1.4*10-6)  ranges from 1.88 to 2.19 in agreement with several 549 

data obtained from geothermal wells in the Larderello geothermal system and characterized 550 

by values from 0.5 to 3.2 (Torgersen, 1980; Hooker et al., 1985; Magro et al., 2003; Gherardi 551 

et al., 2005). This suggests a common source of helium between geothermal wells and natural 552 
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manifestations, despite data of He/Ne ratio is lacking for fumarole samples to evaluate the 553 

atmospheric contribution of He in collected samples. However, the low abundances of 554 

atmospheric components measured in fumarole samples allow us to exclude significant air-555 

contamination. 556 

 557 

Figure 8. δD and δ18O values from fumarole samples collected in Le Biancane area are 558 

compared with those of geothermal wells sampled before and after water re-injection, 559 

primary steam, local re-injected water and local cold and thermal springs. The World 560 

Meteoric Water Line (WMWL) and the Central Mediterranean Meteoric Water Line 561 

(CMMWL) are also shown.  562 

4.3. Structural analysis  563 

The results of the structural analysis show that NW-SE and NE-SW trending fractures are the 564 

most frequent in Le Biancane area (Fig. 9a) while the bedding planes show a (less evident) 565 

prevalent NE-SW orientation (Fig. 9b). Measured fractures are mostly steeply dipping while 566 

bedding planes show a low-medium dip (Fig. 9c). As such, the fracture systems are coherent 567 
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with a general E-W extension (direction of the least principal stress, Fig. 9a) typical of the 568 

Italian Apennines.  569 

 570 

Figure 9. a) Stereo net (lower hemisphere) of the poles to fractures; red circle: sigma3, green 571 

circle: sigma2, blue circle: sigma1. b) Stereo net (lower hemisphere) of the poles to bedding 572 

(S0). c) Histogram (5° bin) of the dip of bedding (N(S0), grey bars) and of fractures (N(fr), 573 

red bars). d) Picture of the fracture network in the site x4 (Fig. 2b), the yellow circle (1 m in 574 

diameter) is used for the topological analysis. e) Fracture network mapping (as in Sanderson 575 

and Nixon, 2015) with nodes (green circle: node I; blue circle: node Y; orange circle: node X; 576 

see Appendix A). f) Ternary plot of connectivity (low connectivity, PII’, intermediate 577 

connectivity, PIC’ and high connectivity, PCC’) for eight sites located at Le Biancane (Fig. 578 

2b), all falling in the field of high connectivity (red dots). For details see Appendix A.  579 

The topological analysis of the fracture network was performed through the analysis of eight 580 

pictures (one of them in Fig. 9d), used to determine the number and the typology of the nodes 581 

of the discontinuity network in circular sectors with 1 m diameter (Fig. 9e). Results indicate 582 

that all the fracture networks are topologically very well connected with high PCC’ values 583 
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(red dots in Fig. 9f). Similar indications come from the values of CL and CB parameters 584 

(Table 2) that confirm the attitude to the connectivity of the fracture network.  585 

Table 2. Values of the CL and CB parameters from the topological analysis of the fracture 586 
network at Le Biancane.  587 

Site X (UTM_WGS84) Y (UTM_WGS84) CL CB 

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 3.53 1.826 

x8 650888 4779603 3.582 1.848 

x9 650789 4779548 3.808 1.847 

x10 651063 4779934 4.64 1.918 

 588 
5. Interpretation of results and discussion  589 

In the site of Le Biancane the total CO2 flux normalized by surveyed area is at a low level 590 

(0.195 kg m-2 day-1) if compared to those measured in other degassing areas (volcanic, 591 

geothermal or tectonically active) of southern and central Italy (Fig. 10). The value derived 592 

by our investigation is strikingly similar to the CO2 output reported in the work of Cabassi et 593 

al. (2021). They computed a total CO2 output of 3.15 t day-1 over an area of about 20,000 m2 594 

in the SW sector of Le Biancane, then a normalized flux of 0.157 kg m-2 day-1. Since the area 595 

investigated in this study is adjacent to, or partially overlapping, the sector quoted above, we 596 

argue that part of this difference could be due to the different approaches used to calculate the 597 

total CO2 output. Cabassi et al. (2021) used the Graphical Statistical Analysis, according to 598 

the procedure proposed by Sinclair (1974), whereas we applied the sequential Gaussian 599 

simulation approach, as reported in Cardellini et al. (2003).  600 
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The peculiarity of this site is that the amount of CO2 is not released uniformly from the whole 601 

“bare” area, but rather from relatively small portions. In our investigation, some spots located 602 

in the central and in the NE sectors of the surveyed area (Fig. 4a) contribute more than 11% 603 

to the total output (1.23 t day-1 vs 11.5 t day-1), despite the observation that their areal extent 604 

is only 2.5% of the total area (1408 m2 out of 58,840 m2).  605 

 606 

 607 
Figure 10. Histogram of the CO2 flux from sixteen degassing areas of the Italian territory 608 

(data from Tarchini et al., 2022) compared with the CO2 output of Le Biancane (this work). 609 

 610 
These sectors are likely characterized by high vertical permeability, with fracture networks 611 

vertically very well connected. The fractures are mainly NW-SE and NE-SW orientated and 612 

with steep dips, providing preferential pathways for non-condensable gases (mainly CO2) and 613 

heat to escape to the surface. The general attitude to the “transport” of this fracture system is 614 

supported by the deep roots of the tectonic structures, as revealed by a 3D seismic survey 615 

performed at Travale in 2003 (Casini et al., 2010). 616 

The spatial pattern produced by elevated CO2 flux areas is comparable with that produced by 617 

soil brightness temperature anomalies (Fig.s 4a,b). The overall correlation between CO2 flux 618 

measurements and soil brightness temperature increases for high values of CO2 flux and 619 

brightness temperature, i.e. for samples falling in the HF and the HT populations. In Fig. 11a, 620 

the correlations among all measures are displayed, with their quadratic fit and asymmetric 621 
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standard deviation. The plot confirms that the correlations improve when soil temperatures 622 

are higher than 55 °C (corresponding to high CO2 fluxes), while colder values are too 623 

scattered to produce a meaningful relationship. This behaviour is partly due to the heating of 624 

the ground by solar radiation during the field work. The high-flux/high-temperature 625 

correlation also arises by the inspection of Fig. 11b, where the red area includes pixels where 626 

the soil CO2 flux and the soil temperature are simultaneously above the median value of the 627 

HF and HT populations, respectively. Common red peak area is 544 m2, with a fitting index 628 

equal to 0.16, where the fitting index is defined as the ratio of the intersection of the 629 

“anomalous” regions divided by their union (Jaccard, 1901; Granieri et al., 2018). The closer 630 

the fitting index is to 1, the larger is the similarity of the extreme value regions of the two 631 

variables. Ultimately, the highly degassing area displays soil temperature as high as 50 °C 632 

and includes the B8 fumarole at discharge temperature of 99 °C (Fig. 11b). 633 

 634 

 635 
 636 
Figure 11. a) Comparison between the soil brightness temperature and the Log CO2 flux 637 

measured in the same locations. The blue line is a quadratic fit of all the data, with global 638 

Pearson’s χ = 0.8 Bel relative to 1 g m-2 day-1, and coefficient of determination R2 = 0.26. 639 

The Bel is the standard to express the ratio of a quantity with respect to a reference in 640 

logarithmic scale with base 10. In b) the common area where simultaneously the soil CO2 641 

flux and the soil temperature are above the median value of their HF (501 g m-2 day-1) and 642 
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HT (50 °C) populations is shown. 643 

 644 
The natural gas manifestations of Le Biancane display different chemical and isotopic 645 

composition depending on their location. In the SW sector there are superheated fumaroles 646 

(B6 and B7 fumaroles) with geochemical characterization similar to those of geothermal 647 

wells located at some distance from Le Biancane, whereas fumaroles in the central sector 648 

(B3, B4, B8) are quite similar to geothermal wells close to Le Biancane area. This could 649 

suggest the pivotal role played by the fracture network in enhancing the secondary 650 

permeability of the shallow reservoir, thus allowing geothermal fluids to maintain the 651 

equilibrium state recorded at depth with a different degree during the movement toward the 652 

surface. Moreover, these preferential pathways for the gas could become blocked over time 653 

by mineral precipitation or formation of clays into the fractures and then migrate elsewhere, 654 

also on a small scale. In addition, chemical and isotopic differences in gas composition could 655 

arise from different relations between rising fluids, infiltrating meteoric waters and, possibly, 656 

for re-injected spent steam. In our opinion, more data of production geothermal wells and 657 

natural manifestations are required for better understanding these aspects.  658 

The H2O/CO2 ratio is typically high for the three fumaroles (B6, B7, and B8) sampled during 659 

the June 2021 survey, ranging from 56 to 84 by weight, with an average value of 71. High 660 

values are also confirmed by fumarole samples collected in 1991 and 2005-2006 (see Table 1 661 

in supplementary material). Assuming the measured H2O/CO2 values as representative of the 662 

primary fluid feeding the local natural manifestations, we estimated a total amount of vapour 663 

of 970, 852 and 649 t day-1 for B6, B7 and B8, respectively, associated with the measured 664 

CO2 output of 11.5 t day-1. This vapour forms at temperatures between 202 °C and 238 °C, 665 

assuming gas equilibria in the H2O-CO2-CH4-H2-CO system, with relative equilibrium PH2O 666 

ranging between 15.8 and 31.9 bar, assuming that water partial pressure is controlled by the 667 

presence of liquid water (Eq. 9). In the reservoir, PCO2 ranges between 0.15 and 0.42 bar, 668 
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based on the fumarole H2/CO ratio (Eq. 10) and confirmed by the equilibrium in the H2S-669 

COS-H2-CO system. 670 

When the vapour rises from depth, it condenses and produces a liquid phase that remains 671 

confined within the reservoir because of the impermeable covering, whereas CO2, which is 672 

non-condensable gas, is discharged almost entirely at the soil surface. In the area of Le 673 

Biancane, since the covering is absent, most of the condensate flows to the surface, feeding 674 

the local springs (Chiorba and Acqua Forte, see Fig. 2a for their location) where CaSO4 675 

waters with pH=6.4-6.5 are predominant (Ceccarelli et al., 1987). During our investigation in 676 

May-June 2021, there was no evidence of visible steaming ground (that is, the soil was 677 

generally dry) except for very limited sectors around the main fractures where soil 678 

temperatures > 70 °C were recorded. 679 

The movement of H2O (vapour) and CO2 from depth, as well as the steam condensation at 680 

near surface conditions, transfer efficacy energy toward the soil. Following the definition of 681 

Hochstein and Bromley (2005), we used the term ‘vapour’ to refer “to the gas phase of water 682 

without condensation that exists strictly below the ground surface, whereas ‘steam’ is vapour 683 

with minor condensation that occurs in the air and at the near-surface layer”. The heat 684 

transported by the H2O is the sum of three processes (Chiodini et al., 2001), the first one 685 

(process a) associated with the vapour moving from reservoir conditions (T= 202-238 °C, 686 

PH2O=15.8-31.9 bar) to the condensation layer (T=100 °C and PH2O= 0.99 bar), the second one 687 

(process b) associated to the steam condensation at T=100 °C (assuming the enthalpy of 688 

evaporation equals to 2257 kJ kg-1, Keenan et al., 1969) and the third (process c) associated 689 

to the cooling of the condensate (i.e., H2Oliquid) from 100°C to the local seasonal value of 20 690 

°C. The heat transported by the non-condensable CO2 is instead due to the gas movement 691 

(process d) from T and P conditions of the reservoir (T= 202-238 °C, PCO2=0.15-0.42 bar) to 692 

the atmosphere (T=20 °C and PCO2= 400 ppm or 0.0004 bar). Assuming the vapour and the 693 
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CO2 mass flux aforementioned, the estimates of the energy associated to each process were 694 

calculated by using the National Institute of Standards and Technology Chemistry WebBook 695 

(Lemmon et al. NIST SRD 69): 696 

 697 

𝑄𝑄𝑔𝑔 = 7.82 𝑥𝑥 1010 J day-1 (or 0.906 MW) - 1.25 𝑥𝑥 1011 J day-1 (or 1.45 MW) for T=202 °C 698 

and PH2O=15.8 bar and T=238 °C and PH2O=31.9 bar, respectively; 699 

𝑄𝑄𝑏𝑏 = 1.46 𝑥𝑥 1012 J day-1 (or 16.9 MW) - 2.19 𝑥𝑥 1012 J day-1 (or 25.3 MW); 700 

𝑄𝑄𝑐𝑐 = 2.17 𝑥𝑥 1011  J day-1 (or 2.51 MW) - 3.24 𝑥𝑥 1011 J day-1 (or 3.76 MW); 701 

𝑄𝑄𝑙𝑙 = 1.94 𝑥𝑥 109 J day-1 (or 0.0225 MW) - 2.36 𝑥𝑥 109 J day-1 (or 0.0236 MW) for T=202 °C 702 

and PCO2=0.15 bar and T=238 °C and PCO2=0.42 bar, respectively; 703 

 704 

where Qa, Qb, Qc, and Qd are the heat quantities associated with the a, b, c and d processes 705 

described above. Then, the total thermal energy associated with the natural emissions of Le 706 

Biancane ranges from 1.76 x 1012 J day-1 (or 20.4 MW) to 2.64 x 1012 J day-1 (30.6 MW), 707 

most of it (about 99.9%) transported by the H2O. The equivalent specific heat flux (i.e., the 708 

total heat flux normalized by surveyed area) ranges from 255 to 382 W m-2, assuming an 709 

emissive area of 80,000 m2. This value is relatively high if compared with the thermal 710 

emission from some volcanic areas characterized by extensive degassing ground (e.g., 50-60 711 

W m-2 at the crater of Vesuvio, Vulcano and Nisyros (Chiodini et al., 2005)), but not too 712 

different from the value found for the Solfatara (224 W m-2, Chiodini et al., 2001), and 713 

strikingly comparable with the values found by Hochstein and Bromley (2005) in the similar 714 

geothermal system of Wairakei (New Zealand) where specific conductive heat flux of several 715 

hundred W m-2 (with a maximum of 566 W m-2) were computed. The results from our 716 

geochemical and structural studies allowed us to integrate the general sketch proposed by 717 
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Hurvitz et al., (2012) for a vapour-dominant type geothermal field with mass and energy 718 

fluxes typical for LTGF. Figure 12 summarizes the findings of this study.  719 

 720 

 721 
Figure 12. Sketch showing the surface manifestations and the general movement of fluids 722 

and heat at Le Biancane. Fluids upflow along cracks, faults or fractures with very steep dips 723 

and preferential NW-SE and NE-SW orientation (the base of the sketch is from Hurvitz et al., 724 

2012, modified).  725 

 726 
The heat associated to the fluid movement in volcanic-hydrothermal environments is mainly 727 

transferred by conduction in the shallower part of the soil (Chiodini et al., 2005). Assuming a 728 

soil thermal conductivity of the order of 1 W m-1 K-1 (Chiodini et al., 2005) and a heat flux of 729 

the order of 300 W m-2, we expect an average geothermal gradient of the order of 300 K m-1 730 

in the thin conductive region between the surface and the top of the steam condensation layer. 731 

This process warms up the near-surface layer generating thermal anomalies that can be 732 

mapped from the ground and from the space by Thermal InfraRed (TIR)-based observations 733 
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(Hochstein and Bromley, 2005; Harris, 2013). The Land Surface Temperature (LST) map 734 

(Fig. 1d) and the thermal images taken from ground (Fig.s B.1 and B.2, in Appendix B) 735 

highlight a significant thermal anomaly centred at Le Biancane and elongated toward the 736 

north in the adjacent thermal area of Sasso Pisano village. The thermal anomaly seen from 737 

space appears significantly colder than that observed from ground but this is because each 738 

pixel of the image from the space is of the order of 100x100 m2, while for images from the 739 

ground the pixel is of the order of 10x10 cm2. 740 

 741 

6. Conclusions 742 

Results have been presented for a multidisciplinary study in the natural degassing area of Le 743 

Biancane, southern portion of the Larderello-Travale geothermal field (LTGF). LTGF is a 744 

typical vapour dominated geothermal field, classified as convective dominated plutonic type 745 

play (Moeck, 2014). It has been exploited for power production since 1913.  746 

Compositional data of local high-T fumaroles, sampled and analyzed over the period of the 747 

investigation (May-June 2021) and previously (in 2005-2006), confirmed that H2O is the 748 

main component (98-99 % mol), followed by CO2 (0.5-1 % mol), and minor amounts of  749 

H2S, CH4, N2, H2, He, Ar, CO and COS. The gases of the natural manifestations are similar in 750 

chemical composition to those discharged by local geothermal production wells, but indicate 751 

some mixing with air and air saturated water (ASW), at least for some samples. 752 

Available data on stable isotope compositions of steam condensates (in particular those 753 

referred to hydrogen) indicate that some fumaroles (e.g., B6 and B7, located in the SW sector 754 

of Le Biancane) have compositions consistent with the isotope composition of the fluids 755 

feeding geothermal wells affected by re-injection of spent steam, while others (e.g., B8, 756 

located in the central part of Le Biancane) have similarity with the composition of geothermal 757 
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wells before re-injection and therefore with the primary steam and local springs. This is a 758 

very interesting issue to be detailed and more data are needed for fumaroles and geothermal 759 

wells condensates. 760 

Gas geobarometers indicate PH2O of 15.8 bar to 31.9 bar, and PCO2 of a few tenths of bar 761 

(from 0.15 bar to 0.42 bar) in the shallow reservoir, both the intervals in agreement with 762 

those estimated for local geothermal production wells.  763 

A total output of 11.5±0.77 t day-1 CO2 was estimated from an area of about 60,000 m2 by 764 

using geostatistical methods. The isotopic composition of δ13C(CO2) suggests that the 765 

sedimentary formation of the Tuscan Nappe, outcropping in the Le Biancane area, is the main 766 

source of CO2, with minor contribution of magmatic and biological CO2. The locations with 767 

the most notable CO2 degassing (CO2 flux > 501 g m-2 day-1) lie in some central spots of the 768 

investigated area, near the fumarole areas, where highest soil temperature (> 50 °C) were 769 

recorded. Because the “anomalous” zones coincide with local well-connected cracks (faults 770 

and fractures), preferentially NW-SE and NE-SW trending, we believe that these cracks 771 

provide preferential but temporary pathways for fluids and heat to migrate to the surface.   772 

Following the approach of Chiodini et al. (2001, 2005) we estimated the thermal energy loss 773 

associated with the natural degassing of Le Biancane. We calculated a thermal energy 774 

ranging from 20.4 MW to 30.6 MW taking account of the main thermal contribution of the 775 

vapour when it moves from reservoir conditions to the surface and the minor thermal 776 

contribution of the CO2 travelling with the rising vapour. These values are comparable with 777 

the nominal capacities of the individual geothermal plants currently operating in the 778 

Larderello field (most of them with nominal power of 20 MW,  Razzano and Cei, 2015). This 779 

energy heats conductively the near-surface layer, producing a spatial distribution of the 780 

surface temperatures that are correlated with the soil CO2 flux in the hottest central sector of 781 

Le Biancane.  782 
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Future works should be aimed at better quantifying gas emissions and heat discharge and 783 

better understanding their spatial correlations, perhaps most importantly using a finer spatial 784 

resolution of the measurements’ grid. Moreover, more compositional and isotope data of 785 

production wells and natural manifestations might help to clarify the complex relations 786 

between rising fluids, infiltrating meteoric waters and re-injected spent steam. 787 

  788 

 789 

Data Availability Statement 790 
The dataset of soil CO2 flux and soil brightness temperature at Le Biancane can be accessed 791 
at https://zenodo.org/record/7152367 792 
 793 
The dataset of structural measurements at Le Biancane can be accessed at 794 
https://doi.org/10.5281/zenodo.7156320 795 
 796 
 797 
  798 

https://zenodo.org/record/7152367
https://doi.org/10.5281/zenodo.7156320
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Appendix A: Fracture Network Topological Analysis 799 

The fracture network is represented as a two-dimensional array of lines that intersects each 800 

other (Fig.  A.1). 801 

 802 

Figure  A.1. Schematic model of a fracture network (modified after Sanderson and Nixon, 803 

2015) where the fractures (lines) are divided by their intersections in branches (segments). 804 

The nodes differentiate for the number of branches that they connect. 805 

The intersections between the fractures (in general lines) form segments that are termed 806 

branches. Each branch (B in Figure  A.1) is bounded by two nodes. The nodes can be of three 807 

types: i) nodes I with only one termination (green box in Fig.  A.1), ii) nodes Y with three 808 

terminations (blue box in Fig.  A.1), and iii) nodes X with four terminations (red box in Fig.  809 

A.1). According to Sanderson and Nixon (2015; 2018), there is a direct geometric 810 

relationship between the number and the type of nodes and the number of lines (NL) and 811 

branches (NB): 812 

NL=(NI+NX)/2     (1a) 813 
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NB=(NI+3NY+4NX)/2    (1b) 814 

where NI, NX and NY are the number of nodes I, X and Y, respectively. 815 

Being (NI+NY+NX) the total number of branches, the proportion of each type of nodes is: 816 

PI=NI/(NI+NY+NX)    (2a) 817 

PY=NY/(NI+NY+NX)    (2b) 818 

PX=NX/(NI+NY+NX)     (2c) 819 

PI + PY +PX = 1    (2d) 820 

Each branch ends at a node (Figure  A.1) and is apparent that an I-node produces one end, a 821 

Y-node produces 3 and an X-node produces 4, totalling (NI + 3NY + 4NX) ends. The 822 

proportion of isolated to connected ends is NI/(3NY + 4NX). Consequently, the probability of 823 

the end of any branch being an isolated (PI) or connected (PC) node is given by: 824 

PI = NI/(NI + 3NY + 4NX)   (3a) 825 

PC = (3NY + 4NX)/(NI + 3NY + 4NX)  (3b) 826 

If there is a random assignment of nodes to branches the probability of each branch type is: 827 

PII’ = PI
2     (4a) 828 

PIC’ = PI*PC      (4b) 829 

PCC’ = PC
2     (4c) 830 

PII’ + PIC’ + PCC’ = 100   (4d) 831 

Each branch is connected to the other branches by nodes, a branch with two nodes I is not 832 

connected (e.g., B1 in Fig.  A.1), a branch with a node I and a node X or Y is partially 833 
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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.  834 

A.1). 835 

Using equations (3) and (4) it is possible to compute the proportion of branches defined by 836 

nodes I and those defined by nodes Y or X. As shown in Sanderson and Nixon (2015) the 837 

probability of having non connected branches (PII’), partially connected branches (PIC’) and 838 

fully connected branches (PCC’) is easily derived. 839 

Using these topological observations (Sanderson and Nixon, 2015; 2018), the number of 840 

intersections per line (CL) and per branch (CB) are derived as follows: 841 

CL=2(NX+NY)/NL    (5a) 842 

CB=(3NY+4NX)/NB    (5b) 843 

CL and CB are a proxy of the degree of connectivity of the fracture network. When CL>3.57 844 

and CB>1.56, the fracture network is very well connected. (e.g., Balberg et al.,1984; 845 

Sanderson and Nixon, 2018). As suggested in Sanderson and Nixon (2018) CB is a better 846 

proxy for the fracture network connection than CL. 847 

  848 
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Appendix B: Thermal infrared ground measurements 849 

A series of thermal infrared images has been taken during the presented field activities. As 850 

described in the main text, the site shows a wide range of variability that can be qualitatively 851 

and quantitatively analysed by using infrared images. For example in Fig. B.1, a couple of 852 

snapshots are reported. 853 

 854 
Figure B.1. The main anomalous area of Le Biancane seen from 2 different points of view. 855 

The FLIR camera E76 has been used to capture these thermal infrared images in the window 856 

7-14 µm. The linear colorbar represents the brightness temperature in the range 10-100 °C. 857 

 858 
 859 

The camera has a resolution of 320x240 pixels, with a field of view of 42x32 degrees. The 860 

146 measures have been taken by positioning the camera at a height of about 1 m high, 861 

looking vertically towards the ground. Each measurement represents the soil brightness 862 

temperature averaged on the central rectangle 160x120 pixels wide (Fig. B.2). This averaging 863 

area is about 40x30 cm2. 864 
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  865 
Figure B.2. Example of the field of view used to retrieve brightness temperature 866 

measurements. The linear colorbar represents the brightness temperature in the range 10-100 867 

°C. On the top left is reported the value of the central point (“punto”), while below can be 868 

found the value averaged over the central rectangle (“med”).  869 
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