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Abstract

Carbon dioxide is one of the most important gases naturally released from geothermal systems.
Establishing the processes and pathways that regulate the CO. diffuse degassing can provide
valuable information for exploration and exploitation purposes of geothermal reservoirs. Areas with
high CO, emissions are indeed able to reveal major upflow zones from deep reservoirs through
deep-reaching permeable fault zones. In this work, a high-resolution CO; flux (with records up to
2927 g m2 d*t) and soil temperature (with records up to 98.8 °C) survey was carried out along with
detailed fracture parameters measurements in a selected area of the Monterotondo Marittimo-Sasso
Pisano transfer fault (Larderello geothermal system, Tuscany, Italy). The main aim was to define the
behavior of diffuse CO; through the fault system and investigate how the soil CO; flux and steam
change with respect to the architecture of the fault damage zone (i.e., volumetric fracture intensity,
permeability, and persistence of the fractures). The presence of multiple populations of CO; flux
suggested that three different transport mechanisms control soil degassing: i) purely diffusive, ii)
mixed diffusive-advective, and iii) purely advective, characterized by efflux values of <20, between
20 and 300 and >300 g m2 d1, respectively. The spatial distribution of these fluxes well agrees with
the fracture distribution and features of the Jurassic radiolarite (Diaspri Fm) dissected by NNE-
striking faults. The interaction between pre-existing fractures and fracture-related fault-zone locally
enhances the secondary rock permeability as highlighted by the correlation between Discrete
Fracture Network (DFN) modeling and advective flux. Eventually, by normalizing the CO, output to
the fault strip (1350 m?), a release of CO- equal to ~155 t d* km? was estimated.

Key words

Fault zone permeability — CO, flux — Steam emission — Larderello geothermal system — Discrete
Fracture Network (DFN) — Geothermal exploration
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1. Introduction

Carbon dioxide (CO-) emissions naturally released from geothermal systems, and more generally
from natural systems, are a timely theme object of scientific debates in the frame of natural vs.
anthropogenic contribution of greenhouse gases, with the former being by far the most significant
ones (e.g., Fischer and Aiuppa, 2020). However, while anthropogenic CO, emissions can be
evaluated relatively easily, more difficult is the estimation of the amount of CO, naturally escaping
from Earth’s surface (Bertani and Thain, 2002). Different methodologies such as remote sensing
(e.g., ground-based and air- and space-borne techniques; QueiRer et al., 2019 and references
therein) and in-situ (e.g., eddy covariance, accumulation chamber, and dynamic concentration
methods, e.g., Parkinson, 1981; Chiodini et al., 1998; Camarda et al., 2006, 2009, 2019; Lewicki and
Hilley, 2009) measurements are commonly adopted to determine the flux of CO, escaping from the
ground.

In the last decades, CO- flux measurements were carried out in several geothermal sites worldwide
such as Brady’s (USA; Jolie et al., 2015, 2016), Ohaaki, Taupo, and Rotorua (New Zealand; Werner
and Cardellini, 2006; Rissmann et al., 2012), Los Humeros (Mexico; Peiffer et al., 2018; Jentsch et
al., 2020), Furnas (Azores; Viveiros et al., 2010; 2020), Copahue, Cerro Blanco, Cordén de Inacaliri
and Cerro Pabell6n (Argentina and Chile; Chiodini et al., 2015; Lamberti et al., 2019, 2021; Taussi
et al.,, 2019, 2021), Yangbajain (Tibet; Chiodini et al., 1998), Reykjanes, Hengill and Krysuvik
(Iceland; Fridriksson et al., 2006; Hernandez et al., 2012; Gudjénsdéttir et al., 2020), Latera, Mount
Amiata, Torre Alfina (Italy; Chiodini et al., 2007, 2020; Nisi et al., 2014; Carapezza et al., 2015;
Sbrana et al., 2020), among the others.

Despite the increasing efforts to provide precise estimates of CO, diffusing from geothermal (and
volcanic) areas a lot of work is to be done before achieving a realistic output of CO, from these
sources. Moreover, CO, measurements allow computing, though partially, the total CO; output from
geothermal sites, since even extensive surveys are not able to entirely cover the areas due to large
territories to be explored, uneven grounds, and the presence of dangerous sites such as e.g. mofette,
hot pools and free gas discharges that might prevent reliable measurements. In addition, CO-
emissions are subject to temporary (seasonal or permanent) changes linked, for example, to the
variation of (i) atmospheric parameters (e.g., Klusman et al., 2000; Lelli and Raco, 2018; Delsarte et
al., 2021), (i) hydrothermal or volcanic system dynamics (e.g., Pérez et al., 2012; Werner et al.,
2016; Cardellini et al., 2017); (iii) geothermal power plants operations (e.g., Bertani and Thain, 2002;
Frondini et al., 2009; Rissmann et al., 2012; Fridriksson et al., 2017; Manzella et al., 2018; Jentsch
et al., 2021), and (iii) transient permeability (e.g. Camarda et al., 2009). Although these limitations,
measurements of natural CO; degassing are facilitated when the structural setting is known. Fluid
circulation at high-to-moderate temperature as well as CO, escape is generally controlled by
structural conduits in fault damage zones (e.g., Sibson, 2000; Fairley and Hinds, 2004; Rowland and
Sibson, 2004; Lewicki et al., 2005; Werner and Cardellini, 2006; Anderson and Fairley, 2008;
Faulkner et al., 2010; Faulds et al., 2011; Jolie et al., 2016; Lamberti et al., 2019; Barcelona et al.,
2020), where fracture spacing, attributes (e.g., orientation, length, height, aspect ratio, intensity, and
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aperture), and distribution can strongly enhance permeability (Caine et al., 1996; Caine and Forster,
1999; Billi et al.; 2003; Agosta et al.; 2010; Cox et al., 2001; Zucchi et al., 2017, 2022). These
attributes can be used for creating Discrete Fracture Network (DFN) models as representations of
the natural fracture network (Lucia, 1999; Nelson, 2001, Kim et al.; 2004). Conventional DFN
methods assume that flow and transport are controlled by the fracture network, neglecting the
participation of the rock matrix. Consequently, the obtained models can be used intrinsically or
upscaled into an equivalent continuous model encompassing the hydraulic properties (e.g.,
permeability) of the fracture network (Hadgu et al., 2017). Thus, considering that CO, emissions are
mainly concentrated along fault zones (Curewitz and Karson, 1997; Jolie et al., 2016; Taussi et al.,
2019, 2021; Lamberti et al., 2019; Jentsch et al., 2020), their geometrical reconstruction can offer
the best opportunity to study CO, emission pathways, secondary mechanisms (e.g., reduction-
oxidation processes of C-bearing species), and outputs along key transects across the fault zone
under study.

In this paper, we present and discuss the results of a high-resolution soil CO flux measurements
coupled with soil temperatures, combined with the measurements of fracture parameters and DFN
modeling along a fault zone crossing the worldwide famous Larderello geothermal area (ltaly) in its
peripheral zone (Monterotondo Marittimo-Sasso Pisano area, hereafter MMSP; Fig. 1), where CO-
emissions are accompanied by noticeable steam escaping. This fault zone, at least 5 km long, is
part of a km-scale NE-oriented brittle shear zone, interpreted as part of a regional transfer zone
(Gola et al., 2017; Liotta and Brogi, 2020) developed in the framework of the Neogene-Quaternary
extensional tectonics affecting the inner Northern Apennines (Carmignani et al., 1994; Liotta et al.,
1998; Brogi et al., 2005; Barchi, 2010).

The main goals are to i) verify the behavior of the diffused CO, and steam through the fault system;
ii) investigate how the diffuse CO: fluxes and steam change with respect to the volumetric fracture
intensity, permeability, and persistence of the fractures; iii) compute the total CO; output of the study
area, comparing it with other geothermal areas.
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Figure 1. a) Structural sketch map of the Northern Apennines and Northern Tyrrhenian Sea; b)
geological map of the Larderello area (modified after Liotta and Brogi, 2020). The study area is
highlighted by the black dashed frame.

2. Geological background of the Larderello area

The Larderello geothermal area is a magmatic-driven geothermal system (Baldi et al., 1994; Bellani
et al., 2004; Gola et al., 2017; Rochira et al., 2018) located in the inner Northern Apennines (Fig.
1a), a NE-verging Alpine belt (Vai and Martini, 2001) which experienced convergence and collisional
processes (Cretaceous-early Miocene) and subsequent extension since early-middle Miocene
(Carmignani et al., 1994). One of the clearest indications of the collisional process is given by high-
pressure metamorphism (up to 1.5 GPa, Theye et al., 1997; Brunet et al., 2000; Rossetti et al., 2002;
Bianco et al., 2019) developed during the eastward stacking of the tectonic units deriving from the
oceanic (Ligurian units, Auctt.), transitional (Sub-Ligurian units, Auctt.) and continental (Tuscan
Nappe, Auctt.) paleogeographic domains of Northern Apennines (Molli, 2008). The subsequent
eastward migration of the extensional tectonics resulted in: (a) Miocene lateral segmentation of the
previously stacked units (Brogi, 2004; Brogi et al., 2005; Brogi and Liotta, 2008); (b) development of
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Pliocene-Quaternary NW-striking normal faults cross-cutting all the previous structures and inducing
NW-trending tectonic depressions, filled by continental and marine sediments (Martini and Sagri,
1993; Brogi, 2020; Martini et al., 2021). The primary evidence of extension is the opening of the
Tyrrhenian Basin (Bartole, 1995) and the present crustal and lithospheric thickness of about 20 and
40 km, respectively (Calcagnile and Panza, 1980; Locardi and Nicolich, 1988; Di Stefano et al., 2011,
Moeller et al., 2013). At least since the Langhian, extension was accompanied by eastward migrating
magmatism (Serri et al., 1993), affecting the Tuscan archipelago and the inland inner Northern
Apennines (Serri et al., 2001; Dini et al., 2005, 2008). Magmas were emplaced at shallow crustal
levels (mainly at 6-8 km depth; Serri et al., 2001) mostly along the NE-striking brittle shear zones
(Dini et al., 2008; Spiess et al., 2021 and references therein), which played the role of transfer zones
in the inner Northern Apennines (Liotta, 1991; Dini et al., 2008) and lateral ramps in the outer
Northern Apennines (Liotta, 1991), where coeval compression occurred (Elter et al., 1975).
Currently, no active volcanoes are present in Tuscany although heat flux is 120 mW/m? on average
(Della Vedova et al., 2001; Pauselli et al., 2019). However, local peaks up to 1000 mW/m? were
estimated in the Larderello geothermal area (Baldi et al., 1994; Della Vedova et al., 2001), which is
located along one of the most relevant transfer zones crossing the Northern Apennines (Fig. 1a) that
hosts a Pliocene-Pleistocene pull-apart-like tectonic depression named Lago Basin (Fig. 1b). The
latter developed above a cooling magma localized at depth. The geothermal fluid flow is particularly
active (Gola et al., 2017; Rochira et al., 2018; Liotta and Brogi, 2020), contributing to determin the
bulk of the electricity production of the Larderello geothermal field (Barbier, 2002; Romagnoli et al.,
2010).

The tectonic and stratigraphic units occurring in the Larderello area have been described by several
authors (e.g., Lazzarotto, 1967; Lazzarotto and Mazzanti, 1978; Costantini et al., 2002; Elter and
Pandeli, 1990; Pandeli et al., 1991, 1994; Dini et al., 2005; Bertini et al., 2006; Brogi and
Cerboneschi, 2007; Romagnoli et al., 2010). Concerning the MMSP area (Fig. 2), the carbonate,
siliceous and terrigenous successions of the Tuscan Nappe are broadly exposed, surrounded by the
Ligurian and Sub-Ligurian Units.

Information from deeper structural levels derive from deep boreholes drilled during the geothermal
exploration and exploitation (Bertini et al., 1991; 2006; Romagnoli et al., 2010), and interpretation of
reflection seismic lines. They display the occurrence of a high-impedance seismic reflector, named
as K-horizon (Batini et al., 1978; Cameli et al., 1993), ranging in depth between 3 and 7 km, and
considered as an active shear zone, located at the top of the brittle-ductile transition (Cameli et al.,
1993, 1998; Liotta and Ranalli, 1999; De Matteis et al., 2008), possibly hosting fluids at supercritical
conditions (Agostinetti et al., 2017). The K-horizon shows a dome-shaped culmination West to the
MMSP area, in correspondence with the Lago Basin (Liotta and Brogi, 2020 and references therein).
Here, the highest values of heat flow (Baldi et al., 1994; Della Vedova et al., 2001), and relatively
high 2He/*He isotopic ratios (Magro et al., 2003) were measured, suggesting that the Lago Basin is
a preferential area for mantle-derived fluids escaping. The study area is in the shoulders of this basin,
where the substratum of the Neogene deposits crops out (Fig. 1b), and the natural CO, emissions
are located.
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Figure 2. a) Geological and structural map of the Monterotondo Marittimo-Sasso Pisano (MMSP)
area in which the main faults defining the transfer zone and the study area (black dashed frame) are
shown; b) geological section across the study area. Its trace is indicated in (a).

3. Hydrothermal manifestations

Le Biancane natural park comprehends some of the numerous areas characterized by
hydrothermally altered surfaces that occur between Monterotondo Marittimo and Sasso Pisano
villages which extend from <1,000 up to >40,000 m? (Fig. 3). Alteration and kaolinization produced



173  the typical bleaching process, which mainly involves the marly-clay and siliceous lithotypes, whereas
174  Fe-oxides and hydroxides developed on the terrigenous succession of the Tuscan Domain (Orlandi,

175  2006; Bentivegna, 2010; Regione Toscana, 2014).
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177  Figure 3. Hydrothermally altered zones along the Monterotondo Marittimo-Sasso Pisano fault zone.
178  The location of the main faults and hydrothermal vents (after Venturi et al., 2019; Leila et al., 2021;
179 maga database www.magadb.net) are also reported and the diffuse soil CO, measurements by
180  Venturi et al. (2019) and Cabassi et al. (2021) are highlighted.

181  Geothermal manifestations along the MMSP fault zone consist of fumaroles, steam vents, acidic and
182  boiling steam-heated pools, and mud pools called “lagoni” (e.g., Duchi et al., 1986, Minissale, 1991;
183  Duchi et al., 1992) (Fig. 4). At the fumarole vents, acicular aggregates or encrustations of native



184  sulfur are commonly found (Fig. 4), sometimes in association with gypsum and other sulfate and
185  borate minerals (Orlandi, 2006; Bentivegna, 2010).
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187  Figure 4. Field photographs from the Le Biancane natural park. a-b) wall of an abandoned quarry
188  with visible fumaroles and steaming grounds; the rock scarp crosscuts the Monterotondo Marittimo-
189 Sasso Pisano fault zone; c) fumarolic manifestations; d) hydrothermally altered grounds; e)
190 panoramic view of the park with a geothermal power plant cooling tower in the background; f)
191 bubbling pool; g) acicular aggregates and encrustations of native sulfur in a fumarolic vent.

192
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The discharged fluids are mostly at the water boiling temperature and are dominated by H.O (>95%
v/v) followed by CO2, N2, H2S, Hz, and CH4, with minor amounts of O, and noble gases (Scandiffio
et al., 1995; Magro et al., 2003; Venturi et al., 2019; Leila et al., 2021). The fumarolic fluids at Sasso
Pisano show *He/*He (as R/Ra) isotopic ratios up to 2.32 (Hooker et al., 1985) suggesting mixing
processes, at variable degrees, between mantle (up to 40% when considering the MORB as
representative of the mantle beneath Tuscany; Hooker et al., 1985) and crustal fluids (Magro et al.,
2003). The R/Ra value at Sasso Pisano is higher than the one measured in the Lago fumaroles (i.e.,
1.63; Minissale et al., 1997) but lower than the maximum value recorded in the geothermal wells
(i.e., up to 3.2; Hooker et al., 1985). The isotopic composition of Carbon in CO, (expressed as &*3C-
CO,) from the Monterotondo Marittimo fumaroles ranges from -4.2 to —2.4%. vs V-PDB (Venturi et
al., 2019; Leila et al., 2021), and is similar to those recorded in the fluids discharging at Sasso Pisano
(from —3.83%o up to —2.3%o vs V-PDB; Minissale et al., 1997; Tassi et al., 2012; Leila et al., 2021).
The 8C-CO; values are in the isotopic range observed for other fumaroles (e.g., from -7.26 to
-0.26%0 vs V-PDB; Minissale et al., 1997) and geothermal wells (from -7.1 to —1.4%. vs V-PDB;
Gherardi et al., 2005) of the Larderello geothermal system. The isotopic data account for a CO- dual
source (Gherardi et al., 2005), i.e. (i) magmatic degassing (i.e., -8 to -4%. vs V-PDB; Mason et al.,
2017) and (ii) decarbonation of carbonates and calc-silicates (i.e., =5 to +5%o vs V-PDB; Venturi et
al., 2017 and references therein).

Diffuse degassing of soil CO,, 33C-CO; in interstitial gas, soil temperatures and gaseous elemental
mercury (GEM) emissions were measured in a selected area of about 20,000 m? within the Le
Biancane natural park, located just 100 m SW from the study area (Fig. 3), by Venturi et al. (2019)
and Cabassi et al. (2021) during the summer season. These authors measured CO; fluxes ranging
from <2 up to 2,144 g m? d* linked to soil temperature from 27.1 to 94.5 °C, the latter also in
agreement with those measured by Silvestri et al. (2020) through remote sensing. The soil CO-
fluxes showed no spatial correlation with soil temperature, nor with GEM emissions, which were
ranging from below the detection limit up to 0.65 ug m2 d* (Cabassi et al., 2021). Noteworthy, these
authors also evidenced the presence of microbiological activity in the hydrothermally altered soils,
suggesting that it plays an important role in both governing the, CO,, CHs and GEM emission and
affecting the 5*C-CO, composition of the interstitial gas, the latter showing a general enrichment in
1BBC (dBC-CO; up to +3.41%0 vs V-PDB) with respect to the carbon isotopic signature of the
fumaroles.

4, Methods

The relationships among fractures, CO- flux and heat escaping from the soil were reconstructed
through geochemical and geological surveys that have been carried out in selected areas of the Le
Biancane natural park (Fig. 3).
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4.1 Soil CO; flux and temperature measurements

In July 2021, 75 soil temperature and CO; flux measurements were taken with stable weather
conditions and dry soils in the selected fault zone crossing the study area using the accumulation
chamber method (e.g., Chiodini et al., 1998, Carapezza and Federico, 2000; Cardellini et al., 2003;
Viveiros et al., 2010, 2020; Nisi et al.,, 2013; Lamberti et al., 2019; Taussi et al., 2021). Each
measurement lasted about 2-3 minutes and the entire survey was completed in about 4 hours. No
major changes in barometric pressure and air temperature were recorded during the survey, as they
ranged between 940 and 945 mbar and 25 and 30 °C, respectively. The measurement campaign
was carried out following as much as possible a regular grid of about 4 x 4 m over a restricted area
of 1350 m? (0.00135 km?). However, the spatial distribution of the diffuse CO. soil gas and
temperature spots was partly influenced by the presence of uneven grounds and compact hard rocks
which led to some irregularities of the grid. Each node was located with a portable GPS Garmin
GPSmap 62st. In order to maintain the trajectories as much linear as possible, benchmarks and a
measuring wheel were also used in the field. Next to each soil CO, sampling point, soil temperatures
were measured using a TERSID thermocouple (dynamic range from —20 to 1150 °C; uncertainty *
0.1 °C; Tassi et al., 2016) inserted slightly below the ground to avoid the interference due to the wind.
The accumulation chamber equipment consists of a cylindrical metal vase (the chamber), a Licor®
Li-820 infrared spectrophotometer, an analogical-digital converter, and a palmtop computer. The
chamber has a basal area of 200 cm? and an inner volume of 3060 cm® and is equipped with a ring-
shaped perforated collector connected to a low-flow pump (20 mL-s*). The pump permits to convey
the soil gas from the chamber to the spectrophotometer and the re-injection of the circulating gas
into the chamber guarantees the mixing of the soil gas by also minimizing the effect produced by the
pumping action. The infrared detector has a sensor operating in the range of 0-20,000 ppm of CO-
with an accuracy of 4%. The signal is transformed by the analogical-digital converter and transmitted
to the palmtop computer equipped with the Palm Flux 5.36 software, where a CO, concentration vs.
time diagram is plotted in real-time. The instrument used in this work has a detection limit of ~0.08
g m?2d? (https://www.westsystem.eu/it) and was calibrated before the fieldwork utilizing a laboratory
calibration curve. The latter allowed to convert the temporal variation of the CO, concentration inside
the chamber (dCco. dt™, expressed in ppmV/s), into the CO- flux ($CO-, expressed in g m? d?),
through a correlation factor (cf) obtained from the slope of the linear best-fit line of $CO; vs dCco2
dt™t. The measured $CO, was thus computed according to the following equation (e.g., Tassi et al.,
2013; Cabassi et al., 2021):

Cl)COZ = Cf X dCCOZ dt_l
4.2 CO, and temperature data processing, spatial distribution, and CO, output estimation

The CO: flux and temperature data were processed using statistical and geostatistical methods to
explore their spatial distribution and the origin of the CO- diffuse emission. The data were analyzed
by using the Graphical Statistical Analysis (GSA) method (Chiodini et al., 1998), according to the
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procedure proposed by Sinclair (1974). The presence of multiple sources results in a polymodal
distribution of the values, displaying a curve with one or more inflection points on a probability plot.
The GSA method consists of the subdivision of these distributions into individual populations
characterized by different proportions in the dataset, mean and median values, and standard
deviations.

The distribution maps of both soil CO- flux and temperature were constructed using the log-normal
Kriging interpolation method (e.g., Krige 1951; Matheron, 1970) using the Isatis® software package
of Geovariances. The methodology involved the realization of an experimental variogram and the
selection of the best fitting mathematical model for each variable. The fitted models were then cross-
validated with the experimental data to check the performance of the model for kriging. The maps
were then graphically reported using the QGIS software.

The total CO, output was calculated by applying the Sichel's t-estimator (Mi) (David, 1977). The
estimation was derived by multiplying Mi times the area covered by the population. In the same way,
the central 95% confidence intervals of the CO: output were used to calculate the uncertainty of the
populations.

4.3 Field work and Discrete Fracture Network modelling

A new field mapping of about 10 km? at a 1:5000 scale (Fig. 2) and collection of structural data in
the most favorable exposures were carried out to obtain information on the geological and structural
setting of the study area. Furthermore, looking at the area where the geothermal manifestations are
concentrated, fracture distribution across the fault zone, was investigated to reconstruct the interplay
among brittle deformation, fracture enhancement, and gas escaping. In particular, a detailed analysis
of the fracture distribution was carried out in a key outcrop where highly fractured and hydrothermally
altered Jurassic siliceous beds (Diaspri Fm, Tuscan Domain) are exposed in an abandoned quarry
within Le Biancane natural park (Figs. 2 and 5).

In the field, fracture parameters (orientation, length, linear fracture intensity, mechanical aperture)
were obtained through the scanline and scan area methodology. Most data were collected along a
25 m long scanline crossing the main wall of the abandoned quarry where the fault zone is clearly
visible (Fig. 5). To increase statistical significance of the data in terms of variability and spatial
distribution, six additional (secondary) scanlines (SL A to F in Fig. 5), 1-2 m long each, were also
performed: four scanlines were located at the same scarp of the main scanline (N145° oriented); the
other two scanlines were settled in an adjacent scarp (N80° oriented) at about 30-40 m NW from the
main scanline. Five scan areas (~1-2 m?) were performed on the few pavement views allowing the
measure of the fracture network in plain view (SL B and G in Fig. 5). Due to their mutual proximity,
four scan areas result in a single point in Figure 5. corresponding to SL G. The length of the
secondary scanlines can be considered sufficient on the basis of the high fracture intensity (Wei et
al., 1996) and the near constant fracture spacing (7-10 cm) measured in the field. The location of
the scanlines was chosen with respect to the variability of fracture intensity and the availability of
outcrops not affected by hydrothermal alteration. This latter indeed inhibits the analyses of the

fracture networks.
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The first step of our fracture analysis consisted of clustering the fracture network in different sets,
according to their orientation. Since most fractures observed in the field are about normal to bedding,
the fracture clustering was evaluated also considering the fracture setting after having reported
bedding to its horizontal attitude (e.g., Labeur et al., 2021), independently by the cause that
determined the bedding rotation. For each fracture set, the mean orientation (azimuth, dip) and the
Fisher's K dispersion parameter (Fisher, 1953), required for the modelling, were calculated. Low
Fisher's K values (K < 50) imply that the fracture cluster has a high dispersion of dip/azimuth
orientations, whereas high values (K > 200) indicate that the dip/azimuth orientations are more
uniform and homogenous within a fracture cluster. For the DFN modeling, all fracture families were
modeled considering the current orientation measured in the field.

The fracture length (defined as the trace of the fracture on the bedding plane) distribution for each
family was derived by the analysis of the pavements scan areas. Similarly, the fracture height
(defined as the trace of the fracture on a vertical view) distribution was obtained from the scanlines
performed on the walls. The aspect ratio (length/height) was estimated by considering the average
of both properties. Considering the limited useful exposures, in some cases the length distribution
was affected by truncation and censoring effects (not included in the models), described as the
underestimation of small fracture population and the incomplete observation of long fractures (i.e.,
those longer than the outcrop), respectively (Bonnet et al, 2001). The volumetric fracture intensity
(P32, defined as the total surface area of fractures planes per unit of volume) was derived by using
the simulation-based workflow, proposed by Golder Associated Ltd. (2009) and already applied by
other authors (e.g., Antonellini et al.,, 2014; Korneva et al.,, 2015; Zambrano et al., 2016). This
approach is based on the linear relationship between the P32 and the P10 (linear fracture intensity).
The method consists in generating a series of preliminary DFN maodels with fixed fracture parameters
(orientation, length distribution, aspect ratio) and variable input volumetric intensity (P32). For each
inputted P32 value, a P10 corresponding value is obtained by dividing the number of fractures
intersecting a pseudo-well by the length of the pseudo-well normal to the fracture set (Terzaghi,
1965). It is recommended to use at least three models (including several pseudo-scanlines with
different orientations) with different input P32 values to check the trend consistency and the
regression line (e.g., Zambrano et al. 2016). Eventually, the ratio P32/P10 is obtained by linear
regression (Dershowitz and Herda, 1992).

The hydraulic aperture, e (defined as the idealized fracture aperture for smooth parallel plates model,
Snow, 1965), depends on the relative displacement of the opposite fracture walls (mechanical
aperture) and their roughness (Zambrano et al., 2019). Here, the hydraulic aperture was derived
from the mechanical aperture (E) and the Joint Roughness Coefficient (JRC), by using the equation

of Barton et al. (1985):
EZ
e = m
The JRC parameter was measured by visually comparing the fracture surface with a standard set of
roughness profiles given by Barton and Choubey (1977). The mechanical aperture (E) of fractures

was measured using a comparator with an accuracy of 0.01 mm.
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Finally, stochastic DFN models were built using MOVE™ software of Petroleum Experts® by
introducing the parameters derived from the field analysis: i) orientation; ii) fracture length; iii) aspect
ratio; iv) aperture. The DFN models (35 x 48 x 3 m, with the largest size oriented N330°, and one-
meter cell size) were generated to represent the documented fracture network (Fig. 5), computing
both fracture porosity and geometric-based permeability tensor (Oda, 1985). Since most of the
fractures crossing the chert beds are not vertically connected, a hybridization of the model was made
to introduce the rhythmically interbedded shaly levels, assuming for the latter an estimated
permeability of 10"*” m?and a near 20% of the total thickness. To do that, the vertical component of
the permeability was averaged using the weighted harmonic mean between both lithofacies (i.e.,
cherts and shaly levels), whereas the arithmetic mean was used for the horizontal components
(Antonellini et al., 2014). The contribution of the permeability associated with fault parallel non-
stratabound fractures located in the proximity (0.5 m) of the fault surface was not affected by this
upscaling, due to the tendency of these fractures to cross the first mechanical boundary (bedding).
The results of cells along the main vertical wall were extracted to compare the fracture parameters
(i.e., fracture intensity, porosity, and permeability) with the output of the geochemical survey (i.e.,
soil tem%erature and CO; natural emissions).
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Figure 5. a) Map showing location of scanlines, DFN grid and the main faults affecting the area. The
grid of the DFN model was oriented to follow the main orientation (N30°) of the observed faults. A
main scanline (blue line N145° oriented) was performed along the scarp following the better
exposure of the fracture and fault networks, as well as the main geothermal manifestations.
Secondary scanlines/scan areas (from A to G; turquoise circles) were located along the main
scanline (SL A, C, D, E) and the adjacent scarp (SL B and F, N80° oriented). b-c) Examples of
fractures measured along scanline A (b), scanline E (c); d) example of fracture setting plain view (SL
G), these few spots of pavements (5) were used for performing scan areas.
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5.  Results
5.1 Diffuse fluxes and soil temperature

Soil CO: fluxes ranged from 0.37 up to 2,927 g m? d, with mean and median values of 197 g m?
d! and 44.5 g m? d?, respectively, and standard deviation of + 437 g m2 d*. The cumulative
frequency plot (Fig. 6a) of the CO, data shows two inflection points at Ln¢CO, 2.89 g m? d* (i.e.,
18.1 g m2d?) and Ln$CO, 5.65 g m? d? (i.e., 285.6 g m2 d!). Population A represents 40% of the
dataset with values ranging between 0.37 and 18.1 g m* d! with mean and median values of 5.0 g
m2d?!and 2.76 g m?2 d?, respectively, while the standard deviation is + 5.04 g m* d*. Population B
(43%) ranges from 21.4 and 285.6 g m? d; the mean, the median, and the standard deviation are
95.7,82.1 and + 65.4 g m2 d?, respectively. Finally, Population C includes 13% of the measurements
and ranges from 390.3 and 2,926.7 g m? d, with mean and median values of 874.8 g m?2 d* and
642.3 g m? d?. The standard deviation is + 732.3 g m2 d*.

Soil temperature data approximate a (Log)normal distribution, as highlighted by the cumulative
frequency plot in Figure 6b. Values span over a wide range (from 24.8 up to 98.8 °C), with mean,
median and standard deviation values of 46.4 °C, 42.2 °C, and + 17.1 °C, respectively.
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Figure 6. Cumulative frequency plots of the (a) soil CO; and (b) temperature measurements.

5.2 CO; output estimation

By applying the Sichel’s t-estimator for the CO; output in the studied area, a value of 0.21 t d* was
computed (with lower and upper confidence limits of 0.17 and 0.29 t d?, respectively), essentially
due to population B (0.06 t d?) and C (0.15 t d?), being the contribution of population A (i.e., <0.001
t d!) negligible. The normalized total CO; flux from the soil (i.e., the total output divided by the area
of the survey) was 155.5 t d"* km=. The percentage contribution of each population constituting the
whole dataset is reported in Table 1.

Table 1. Percentage contribution of each population constituting the whole dataset used to estimate the total
amount of ¢CO2 released from the study area.

Surface area
(m?)

95% Confidence
interval (t d?)

Measurements  Total output

(n.) (tdh)

Variable Population




400
401

402
403
404
405
406
407
408
409
410
411
412
413

414
415

416

$CO2 1350 A 30 <0.001 -

B 32 0.06 0.05-0.08

C 12 0.15 0.12-0.21
Outlier 1 <0.001 -

Total 75 0.21 0.17-0.29

5.3 Distribution maps

The soil CO: flux and temperature distribution maps obtained by the kriging interpolation method are
reported in Figure 7 (interpolation grid 1 x 1 m). The combination of three basic structures (2
Spherical plus Nugget effect) is the best model to describe the spatial variability of ¢CO, whereas
the soil temperature spatial variability is best described by one spherical variogram. Variograms,
variograms parameters, cross-validations of the mathematical model describing the experimental
variogram of each map, standard deviation maps, and the measured values, are reported in the
Supplementary Material.

CO; flux and temperature show a moderate visual correlation, with the upper values of both
parameters located in the northern, central, and southwestern sectors of the study area whilst the
lowest ones are mostly occurring in the easternmost zone (Fig. 7). In general, the highest CO; fluxes
(up to 2927 g m2 d?) and temperatures (up to 98.8 °C) were found in the central portion of the NW-
oriented scarp that crosscuts the area, where the main structural lineaments were recognized.
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Figure 7. a) Soil CO; flux, and b) temperature distribution maps. Faults are reported as red lines.
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5.4 Structural setting, fracture, and permeability analysis

A NNE-striking fault zone (the MMSP) crosses the study area (Figs. 1 and 2). This structure is at
least 5 km long (Figs. 2 and 3) and is part of the NNE-trending fault system defining the transfer
zone affecting the Larderello geothermal area (Liotta and Brogi, 2020). In the southern part, MMSP
bounds the Neogene sediments filling the Lago Basin, whereas in the northern part it defines a splay
of a NE-striking fault passing through the Larderello and Montecerboli villages (Fig. 2). In the area
between Monterotondo Marittimo and Sasso Pisano, the fault zone consists of several subparallel
and/or anastomosed NNE- and N-S-striking fault segments, dissecting the Jurassic-Tertiary
succession of the Tuscan Nappe (Fig. 2). Steam and CO, emissions, hydrothermal alteration and
silicization phenomena characterize the damage volumes of those fault segments affecting the
Jurassic radiolarite (Diaspri Fm) (Fig. 8a) and the early Cretaceous limestone (Maiolica Fm). The
geothermal manifestations mainly occur along an area between Monterotondo Marittimo and Sasso
Pisano (Figs. 2, 3, and 4), thus indicating the trend of the main fault zone. This fault zone was the
object of geothermal exploration during the past decades (Lazzarotto, 1967; Lazzarotto and
Mazzanti, 1978; Minissale, 1991; Batini et al., 2003; Bertini et al., 2006; Romagnoli et al., 2010) and
today, is still producing the steam feeding the power plants (www.arpat.toscana.it).

At the map scale, the main fault zone involves the Tuscan Nappe and separates the hanging wall,
made up of the late Oligocene-early Miocene quartz-feldspar micaceous sandstone (Macigno Fm)
with its basal Cretaceous-Oligocene shaly succession (Scaglia Toscana Fm), from footwall
consisting of the basal carbonate-siliceous succession (Fig. 2). This latter fault block comprises two
main Tuscan Nappe sub-units doubled during the collisional event of the Northern Apennines. The
lower one is characterized by an exposed succession encompassed between the late Triassic
evaporite (Burano Fm) and the late Oligocene-early Miocene quartz-feldspar sandstone and shale
(Macigno Fm); this succession exhibits a significant tectonic omission resulting in the direct
superimposition of the Macigno Fm on the early Jurassic massive limestone (Calcare Massiccio Fm)
(Fig. 2b). The upper sub-unit is represented by a few klippen formed by a succession comprised
between the Calcare Massiccio Fm and the Macigno Fm (Fig. 2b). The geological bodies belonging
to the Sub-Ligurian and Ligurian domains (ophiolite, shale with interbedded limestone, marly
limestone and quartz-sandstone) directly overlie the Tuscan Nappe sub-units, thus implying a robust
tectonic omission having affected the original stacked units.

The main fault zone is well exposed in a sector of the Le Biancane natural park in the wall of
abandoned quarries (Figs. 4a and 8b). The tens meters-thick fault zone consists of sub-vertical
secondary faults striking N20-30° (Fig. 8b-e), clearly associated with the visible emission of vapors.
The protolith is composed by the Jurassic siliceous beds (Fig. 8a). This succession is mainly
characterized by thin (average 4-15 cm), whitish to brownish stratified chert beds rhythmically
interbedded with shaly levels up to 1 cm thick. Some chert beds are pure and vitreous, while others
are consisting of radiolarian (packstone to grainstone) chert, often laminated at the base of the strata.
This succession is overlain by about 10 m of slightly calcareous radiolarian chert beds, thinly bedded
(average 4-6 cm), highly siliceous passing to whitish to reddish limestones interbedded with shaly
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levels about 0.5-1 cm thick. Cherty beds are intensely fractured (up to 5-6 fractures per 10 cm),
although these fractures are confined within the cherty beds without cutting the shaly levels
separating the different siliceous beds (Fig. 8).

‘‘‘‘‘

Figure 8. a) Photograph of the Jurassic siliceous beds (Diaspri Fm) exposed in the study area; b)
panoramic view of the main fault zone exposed along the scarp (Fig. 5a); ¢) panoramic view of a
minor fault exposed in the study area; d) detail of the fault zone showing highly fractured and altered
(dark zones) Diaspri Fm due to the intense hydrothermal activity occurring along the fault zone; €)
detail of the shale and siliceous beds cut by a minor fault.

il WEr 7! >

The fractures were classified in families for modeling purposes. The grouping was based on the
orientation and type of fractures (joints, faults) (Fig. 9). For the DFN modeling, the current fracture
orientation was used for each scanline (Fig. 9¢). We have considered fractures likely predating, or
coevally formed during tilting of beds, as the ones clustering in stereonets after applying the bed
restoration (normal to bedding), whereas fractures formed after the tilting, clustered better on the
current orientation. From the fracture analysis seven families were differentiated (Table 2). Most
fractures (Sets 1 - 4) are stratabound and, according to field observations, can be classified as joints.
Sets 1 and 2 are characterized by lower clustering (K < 70), in contraposition to the Sets 3 and 4
which have a more regular orientation (K = 125-126). By considering their orientation and field
observations, Set 5 seems to be strictly fault related, while Sets 6 and 7 correspond to incipient
faults. In terms of fracture density, some families of fractures (Sets 5 and 6) are more abundant
towards the fault slip surfaces (or strictly located in their vicinity), while other families seem to be
more unevenly distributed.
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Table 2. Main fracture families differentiated from the scanlines.

Orientation
Set Type diretz)(lzrfion Stroike Mea? dip Fisher (K) Notes
©) ) )
1 Joint 167 77 84 39 After rotation
2 Joint 107 17 80 65 After rotation
3 Joint 245 155 85 125 After rotation
4 Joint 204 114 87 126 After rotation
5 Fault related Joint 127 37 69 103 Without rotation
6* Shear joints/Fault 120 30 85 200** Without rotation
7* Shear joints/Fault 220 130 85 200** Without rotation

Notes: Set 6* represents fault-parallel, non-stratabound fractures strictly located in the proximity of

the fault surface. ** K value was assumed due to low data density.

The apertures of the fractures range from 0.05 mm to 0.1 mm, which agree with the narrow beds

(generally <20 cm). The other geometric features are summarized in Table 3. The fracture linear

intensity (P10) is relatively high and tends to increase towards the main fault surface located to the

North of the model, consistent with the field observations (Fig. 9b). Some variability in this trend is

related to the presence of secondary fault structures, whereas zones with undetected fractures are

related to cementation and alteration. The secondary fault structures show cm- to few meters

displacements.

Table 3. Fractures geometric attributes used for DFN models construction.

Length (cm)

Fracture intensity

S8t “Uin Max Mean St Dev. Aspect ratio P10 Mean P10 St Dev. P32/P10
1 5 20 100 3 14 244 33 11
> 5 20 100 3 1.4 25.1 18.4 11
3 5 15 70 2 1.0 9.8 33 08
4 5 15 70 2 1.0 7.4 36 0.8
5 3 10 5.0 2 07 8.6 78 06
6 - - 600 - 2.0 5.0 - 1.0
7* - . 250 - 2.0 1.0 ; 1.0

Notes: the aspect ratio is provided for an average bed thickness of 7 cm. The geometrical properties of the
set 6 and 7 are estimated since are out of scale at the outcrop.
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Figure 9. a) Panoramic view of the scarp where the main scanline (dashed blue line) and the
secondary scanlines (SL A, SL C, SL D, SL E) were performed; b) linear fracture intensity P10 along
the main scanline indicated in (a); ¢) stereoplots of the fractures (poles of planes) measured in each
of the indicated Scanline.

During the DFN modeling, a total of 100 realizations were performed to ensure the significance of
the calculated values, obtaining coefficient values of variation below 0.1, indicating stables and
representative volumes (Zhang et al., 2000). The upscaled hydraulic properties (porosity and
permeability) follow the same trend provided by the linear fracture intensity in Figure 9b. For a better
comprehension, the model was divided into four sectors based on the results and the field
observations (Table 4). Sectors | and Ill are moderate to highly fractured areas (P32 in the range of
50-100 m?/m?) characterized by the presence of sporadic subsidiary faults. Fracture porosity is below
1%, the modeled horizontal component of the permeability is in the order of 10-*> m? while the vertical
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one is near 10®* m2, Sector Il is poorly affected by fractures, and therefore the values of fracture
porosity and permeability are very low and likely negligible. The Sector IV corresponds to the area
with the highest geothermal emissions, and it is characterized by a relatively larger fracture density
(P32 > 100 m?/m?). Most of these additional fractures corresponds to the Set 6 (N30° striking; Table
3), which is extremely localized and persistent. In this regard, the model indicates a mild increment
of one order of magnitude for the horizontal component and three orders of magnitude for the vertical
component of the permeability tensor.

Table 4. Summary of the modelled fracture properties.

Sector D; [%] kxx [1071° m?] Kyy [1071° m?] K2z [1071° m?] P32 [m?/ m3

| (0-6m) 0.64 +0.09 61 12 44 122 0.1 - 63.66 +8.93
Il (7-13m) 0.03 +0.01 3.0 +1.3 3.6 +2.0 0.1 - 2.95 +1.14
Il (14-20m) 0.82 +0.29 85 124 67 132 0.74 1.9 82.00 +29.0
IV (>20m) 1.10 +0.09 130 +22 180 +50 19 32 110.42 +9.38

Notes: The distances reported in the column sectors, refers to the fig. 9b. Reported error corresponds to
the standard deviation. ®xis the fracture porosity, kx is the permeability component N30°-oriented, kyy is
the permeability component N120°-oriented, kz; is the vertical permeability component.

6. Discussion
6.1 Origin and transport of soil CO, degassing

The cumulative frequency plot (Fig. 6) has allowed identifying the presence of different populations
of CO, fluxes, suggesting three distinct sources or transport mechanisms of carbon dioxide
characterized by threshold and mean values of the same order of magnitude as those recognized
by Cabassi et al. (2021) in the southern part of the Le Biancane natural park (Fig. 3). The low-flux
population (A) shows mean and upper threshold values of ~5 and ~18 g m? d, respectively, and
indicates a biological source (i.e., plant and microbial respiration and organic decomposition; Raich
and Schlesinger, 1992; Cardellini et al., 2003; Chiodini et al., 2008; Viveiros et al., 2010, 2020).
Population C is likely related to a hydrothermal source, being the CO, values >390 g m? d* (e.g.,
Viveiros et al.,, 2010, 2020). Consequently, population B can be linked to mixing processes, to
different degrees, between populations A and C. However, when the CO- flux and the corresponding
O13C-CO, data of Venturi et al. (2019), collected 100 m far from the study area of the present work,
are plotted against each other (Fig. 10) the lowest fluxes (<~20 g m? d*) show wide variability in
terms of carbon isotopes, from -16.1%o up to -0.53%o, the latter being much heavier than a purely
biogenic CO; (e.g., Sharp, 2017). This relatively large isotopic interval can be due to different
fractionation processes such as mixing between biogenic (e.g., —33 to —23%. for C3 plants; Sharp,
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2017) and hydrothermal (e.g., the Larderello geothermal reservoir; Gherardi et al., 2005) sources,
diffusive transport (Federico et al., 2010), and microbial consumption at shallow depths (Venturi et
al., 2019) or methanogenic processes occurring in the hydrothermal reducing environment (Whiticar,
1999). Biological CO. uptake and fixation processes are indeed expected to produce a **C-rich
residual CO: in interstitial soil gases and are the likely responsible for the heavier 3*C-CO; values
measured at Monterotondo (Venturi et al., 2019 and references therein). Regardless of the origin of
COy, fluxes >~20 g m? d* show a clear hydrothermal isotopic signature. However, when ¢CO,
values comprised between ~20 and ~300 g m2 d* are considered, the carbon isotopes reach
significantly high values (up to +3.41%o). These strikingly positive values are likely associated with a
two-stage fractionation process due to boiling during fluid ascent within the reservoir and a
subsequent isotopic enrichment as CO diffuses through the soil (Rissmann et al., 2012). In this way,
fluxes ranging between ~20 and ~300 g m? d! likely suggest that diffusive and advective transport
processes may occur simultaneously. Fluxes higher than ~300 g m2 d?, associated with soil
temperature >53 °C, seem to be linked to a purely advective transport, although a microbial CO;
uptake and fixation positive shift occur (Venturi et al., 2019; Fig. 10).

Based on the: i) proximity of our and Venturi et al. (2019) study areas, ii) tectonic setting and iii)
hydrothermal evidence (Figs. 2 and 3), the CO2 emissions from both sites can be assumed to be
governed by the same geochemical processes. The ¢CO; intervals identified in Fig. 10 from Venturi
et al. (2019) data (i.e., <20; 20-300; >300 g m d*) well agree with those identified in the study area
distinguishing the three populations of fluxes (Fig. 6). In this context, fluxes of population A (i.e., <18
g m2 d?; Fig. 6) are likely linked to a purely diffusive transport driven by a concentration gradient,
while population C data (>390 g m? d?; Fig. 6) are driven by an advective transport related to a
pressure gradient. Soil CO, fluxes between 21 and 290 g m2 d* (Population B; Fig. 6) can be
regarded as representative of a combined diffusive—advective transport mechanism.
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Figure 10. Soil CO; flux vs. isotopic composition of fluxes from the Monterotondo Marittimo area
(data from Venturi et al., 2019). 3*C-CO, composition of Monterotondo Marittimo fumaroles (Venturi
et al., 2019; Leila et al., 2021) and Larderello reservoirs are also reported (Gherardi et al., 2005).
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6.2 Correlation between faults/fractures and fluid emissions

The exposed rocks are highly fractured as revealed by the significantly high values of P32. However,
the rock volume likely contributing to the fluid transport corresponds to the highly fractured siliceous
rock layers in the proximity of faults. On the other hand, far from the fault zones fractures do not (or
rarely) affect the interbedded thin shale layers separating the siliceous beds and therefore these
levels play the role of mechanical boundaries (Fig. 11a) and fluid transport buffer zones. Only a few
fractures, most likely incipient fault planes, cut both the shaly and cherty beds. These features are
mainly found near main fault slip surfaces and are responsible for localized vertical connectivity of
the fracture network (Fig. 11b,c). The presence of subsidiary faults is illustrated by a complex fracture
intensity distribution (Fig. 9b) along the main scanline that may locally affect the fluid storage and
transport (e.g., Volatili et al. 2022).

SLall
Data: 162

SL all rotated
Data: 162

Fracture
sets
Set 1

= Set 2

» Set 3

« Set 4
Set 5

¢ Set 6

DFN SL-A DFN SL-E

Figure 11. a) Stereonet data from all the scanlines with and without rotation; b) detail of the DFN
models in proximity of the (b) scanlines SL A and (c) SL E. Most of the modelled fractures are
stratabound, however near secondary faults non-stratabound fractures parallel to faults N30° striking
are present (purple).

In terms of vertical pathways for CO,, the main conduits are represented by the localized pervasive
fault-related fractures (i.e., Set 6). Actually, the highest CO- fluxes (i.e., >300 g m2 d1), likely related
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to a pressure-gradient controlled transport (Fig. 10), were mainly measured in correspondence with
the NE-SW faults (Fig. 12a) characterizing the MMSP area (Figs. 2 and 3) which is part of the
Larderello transfer fault system (Liotta and Brogi, 2020) (Fig. 1). This transfer fault system shows a
compartmentalized permeability whose maximum is in the tract comprised between Monterotondo
Marittimo and Sasso Pisano, as indicated by the geothermal manifestations only occurring in this
section (Figs. 3 and 4). Nevertheless, although these manifestations characterize the whole fault
zone between Monterotondo Marittimo and Sasso Pisano localities, the maximum CO: fluxes are
mainly concentrated in the Le Biancane area (Venturi et al., 2019; Leila et al., 2021; Cabassi et al.,
2021) (Figs. 3 and 7). Based on our dataset, this can be explained by the enhanced fracture
permeability induced by the numerous fault segments (Figs. 2 and 3) which consist of anastomosed
structures defining the first-order transfer fault zone (Fig. 2). While fault-related fractures enhance the
vertical permeability along the fault strike, the diffuse stratabound fractures permit the CO; to migrate
laterally. This migration is facilitated by a significant permeability anisotropy characterized by
horizontal components (k« and kyy) up to three orders of magnitude higher than the vertical
component (kz;). This explains why the geothermal manifestations are widespread in a large area
around the fault zone, even distant from the fault-related fractures. According to the CO, flux and
temperature distribution, a moderate positive correlation between the two parameters in both the
whole analyzed area (Figs. 7 and 12b) and along the NW-striking transect that cross-cut the fault
zone (Fig. 12c) is observed.
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Figure 12. a) Distribution map of the soil CO- flux divided by the inferred transport mechanisms; b)
relationship between soil CO, and temperature in the study area and c) along the transect in (a).
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Numbers in (a) and (c) represent the id of the measurement points reported in the supplementary
material.

The correlation among the CO: fluxes and soil temperatures (both measured in the field and derived
from the kriging intepolation) recorded along and near (x 3 m) the transect represented in Figure 12a,
and the results of the DFN modeling (porosity, P32 and permeability tensor) is here evaluated by
using scatter plots (Fig. 13).

Results indicate a good control of the P32 and porosity on the distribution of both CO fluxes and saill
temperatures following power laws with regression coefficients 0.66 and 0.78, respectively. In
general, a clear positive correlation was found for the permeability components (R? >0.8) and the soil
temperature. The scatter plots between CO; fluxes and permeability seems to indicate two different
populations depending on if the area is affected or not by persistent fractures. In fact, any attempt to
find a correlation between these parameters without separating both populations does not indicate a
correlation (R? < 0.5). After removing the points with high permeability (associated with the persistent
fractures), a regression coefficient higher than 0.7 was obtained. Correlations of both CO; fluxes and
soil temperatures with the vertical component of the permeability is unclear due to the high control of
the low-permeability shaly layers into the model.
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Figure 13. Correlation among soil CO. flux and temperature measurements (blue circles measured,

orange squares interpolated) and the DFN modeling outputs (P32, ku, Kyy, Kzz).

Another way to note the correlation between geothermal soil degassing and fracture properties is

noted by comparing the results of the DFN modeling along the same transect (Fig. 14), where CO;

fluxes and soil temperatures are reported with P32 and horizontal permeability (k«) values. CO; fluxes

and soil temperature behave similarly where the highest values of both parameters are found. In fact,

in the north-western portion of the transect, in the proximity of the scanlines D and E (Fig. 5 and 12a),

fluxes higher than 480 g m? d! are associated with soil temperatures >62 °C (and maximum up to

98.6 °C) (Figs. 12c and 14). Such emissions are linked to the enhanced fracture permeability within

the fault damage zone (Sector IV; Table 4), characterized by P32 higher than 100 m?m?3, and
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permeability values of 10* m? and 10*® m?, for the vertical and horizontal component, respectively
(Figs. 13 and 14). The presence of sub-vertical, persistent slip surfaces and related damage zones
striking N20-30° (Figs. 8, 11) would enhance the efficient advective ascent of high amounts of CO;
and heat to the surface, driven by a pressure gradient (Fig. 10). The rapid rise of the gases would
prevent the fractionation of the CO. isotopologues, thus maintaining the isotopic signature of the CO»
source of the reservoir (Fig. 10) and favoring the rise of steam without appreciable condensation
(Capasso et al., 2001; Camarda et al., 2007; Rissmann et al., 2012). This results in a high CO>
emission and a sensible temperature anomaly at the surface, indicative of active hydrothermal
circulation of geothermal fluids along deep-rooted fractures (Giammanco et al., 2016; Rolleau et al.,
2017; Lamberti et al., 2019; Taussi et al., 2021).

Moving toward the central part of the transect (Fig. 14), near the scanline C (Fig. 5 and 12a), different
structural features characterize the protolith. P32 and permeability values drop down to 2-4 m?/m3
and 10® m?, respectively (Fig. 13 and 14; Sector II; Table 4). At the same time, the measured CO;
fluxes dramatically decrease down to <6 g m2 d, while soil temperatures are relatively constant
(between 32.9 and 37.6 °C). The protolith is here affected by intense cementation and alteration, and
it is characterized by low persistent fracturing only limited to the siliceous beds without cutting the
interlayered shale (Fig. 8). In this case, the low-permeability favors the slow and concentration-driven
movement of the CO., therefore, boosting the fractionation processes (Fig. 10; Camarda et al., 2007)
at a medium-low temperature (i.e., slightly higher than the atmospheric one during the fieldwork).

A decoupling between CO; and temperature is observed in the south-western part of the transect
(Figs. 12a and 14), far from the main slip surfaces. Here, the CO, fluxes are between 65 and 175 g
m2 d? while temperatures remain constant at about 34-38 °C. Near scanline A (Fig. 5 and 12a) —
except for measurement #24 where an incipient fault is nearly located — fracture network is
characterized by relatively moderated volumetric fracture intensity (P32) ranging between 60 and 80
m?/m3, and permeability values in the order of 10* and 10 m? for the horizontal and vertical
components, respectively (Fig. 13; Sector I; Table 4). This fracture setting permits a diffuse
degassing, but the inadequate pressure of the geothermal fluids triggers the vapor condensation. A
loss of heat, thus, occurs on the rising way through the not well-developed fractures (Giammanco et
al., 2016) together with the dispersion of the ascending gas over larger areas — with consequent
fractionation processes (Fig. 10) — taking advantage of the higher ground permeability (Fig. 13).
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Figure 14. Soil CO; flux, temperature, P32 and permeability measurements carried out along the
transect represented in Figure 12, which runs orthogonally to the MMSP fault zone. The location of
the secondary scanlines is also shown in turquoise. Background colors represent the main transport
mechanism of COg; green: diffusive, yellow: mixed diffusive and advective, red: advective.

The structural setting has also implications for the quantity of CO, emitted from the investigated fault
zone. The normalized CO; output from the whole studied area (1,350 m?) was estimated at ~155 t
d* km, virtually equal to that computed by Cabassi et al. (2021). This value is much higher than the
endogenous emission at e.g. Los Humeros (Mexico; ~52 t d* km; Jentsch et al., 2020), Rotorua
(New Zealand; 40-70 t d* km; Werner and Cardellini, 2006) or Reykjanes (Iceland; ~53 t d* km;
Fridriksson et al., 2006), and on the same order of magnitude of e.g. Ischia and Latera (ltaly; ~173
and ~112 t d** km%; Chiodini et al., 2004; Chiodini et al., 2007), Furnas (Azores; up to ~112 t d* km-
2 Viveiros et al., 2020) and Copahue (Chile-Argentina; ~175 t d* km; Chiodini et al., 2015).
However, most of the CO- discharge is related to the highest fluxes pertaining to the hydrothermal
population (C; Table 1) — estimated in 0.15 t d** — which are focused in a restricted area of about 460
m? (Fig. 12), in correspondence with the NE-SW fault, confirming the pivotal role of the structural
characters in the control of the fluid emissions.

7. Conclusions

The Monterotondo Marittimo-Sasso Pisano area stands at the border of a pull-apart structure (Lago
Basin), developed within a regional active transfer zone characterizing the Larderello geothermal
field (Liotta and Brogi, 2020). This structure acts as a preferential way for mantle-derived fluids
ascent and permits the geothermal fluids to be conveyed from the reservoir(s) to the shallower levels
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(Fig. 15a). The integration between CO: flux measurements and fracture distribution, crossing a
sector of the transfer zone, indicates that fracture-induced permeability is the main factor in
controlling the CO; local emission. A quantification of this implies permeability values in the order of
10* m? to permit degassing. Small variations of this value influence the transport mechanism of
CO., which can pass from diffusive to advective through the mixing of both processes (Fig. 15b).
The diffusive transport mechanism is driven by a concentration gradient and characterizes those
areas usually located far from the main shear zone (Fig. 15b,c), where fractures have a low
persistence and are mainly limited to the stratabounds, thus indicating that the lateral migration of
CO; is driven by layering (Fig. 15b,c). Differently, CO, advective transport is favored in the fault
damage zone, where pervasive fractures that directly affect the reservoir (Fig. 15a) allow the rapid
rise of high amounts of CO, and steam (Fig. 15b,c), avoiding 5**C-CO;, fractionation of soil gas and
maintain high temperatures. A combination of the diffusive and advective types of transport occurs
in those transitional areas — or near the incipient faults (Fig. 15b) — where the influence of the main
shear zone is still present. Here, fractures characterized by moderate persistence and intermediate
permeabilities ensure a high degassing (Fig. 15b,c), but they do not prevent the vapor from
condensation and heat loss. Finally, considering the regional setting, our results enforce the view
that the transfer zones are favorable regional structures to localize the circulation of fluids, enhancing
significant vertical permeability.
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Figure 15. a) Geological sketch (not to scale) illustrating the tectonic and geothermal context of the
Monterotondo-Sasso Pisano area, in the frame of the Lago pull-apart Basin developed within the
transfer zone affecting the geothermal area of Larderello; b-c) local (b) and conceptual (c) models of
the behavior of the CO, and steam emissions and transport mechanism, influenced by the enhanced
permeability through the fault zone.
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