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Abstract: Geothermal energy is a key renewable energy for Italy, with an annual electric production
of 6.18 TWh. The future of geothermal energy is concerned with clarity over the CO, emissions
from power plants and geological contexts where CO, is produced naturally. The Mt. Amiata
volcanic—geothermal area (AVGA) is a formidable natural laboratory for investigating the relative
roles of natural degassing of CO, and CO, emissions from geothermal power plants (GPPs). This
research is based on measuring the soil gas flux in the AVGA and comparing the diffuse volcanic soil
gas emissions with the emissions from geothermal fields in operation. The natural flux of soil gas is
high, independently from the occurrence of GPPs in the area, and the budget for natural diffuse gas
flux is high with respect to power plant gas emissions. Furthermore, the CO, emitted from power
plants seems to reduce the amount of natural emissions because of the gas flow operated by power
plants. During the GPPs’ life cycle, CO, emissions in the atmosphere are reduced further because of
the reinjection of gas-free aqueous fluids in geothermal reservoirs. Therefore, the currently operating
GPPs in the AVGA produce energy at a zero-emission level.

Keywords: Amiata; CO, soil flux; CO, power plant emission; geothermics; sustainability

1. Introduction

Mt. Amiata is a Pleistocene silicic dome field volcano [1,2] located in southern Tuscany
(Italy) in the peri-Tyrrhenian margin of the Apennine chain. The Mt. Amiata volcanic—
geothermal area (AVGA) is characterized by a heavy thinning of the continental crust [3],
intense crustal extension [4,5], pluton emplacement at shallow crustal levels [6-8], hy-
drothermal Hg ore deposits [9,10], and high heat-flow values 150-200 mW / m? [11]. A
high-enthalpy geothermal resource in the AVGA has been well known since the 1960s [12].
Geothermal energy is used for power generation in the geothermal fields of Bagnore and
Piancastagnaio, located SW and SE of the volcanic massif, respectively, with a total installed
capacity of 121 MW which represented 18% of the total geothermal electricity production in
Italy [13]. Natural CO,-rich gas emissions [14,15], diffuse gas emissions from soil [16], and
gas-rich thermal and cold springs are widespread; however, AVGA is part of the Tuscan
degassing area, one of the most intense areas of CO, degassing of the Earth due to its
geodynamic framework.

This paper improves the quantitative assessment of the natural CO, emissions in the
Mt. Amiata region, widening the soil CO; flux survey presented in Sbrana et al. [16] to
cover an overall area of about 280 km?. The new survey allows to delimit the preferential
natural degassing areas of the Mt. Amiata geothermal system. Furthermore, CO; soil
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flux data highlight the relationship between natural and geothermal power plants (GPPs)
CO;, emissions. The role of CO, emission in GPPs (an average of around 500 g/kWh is
measured in Amiata geothermal fields) is particularly important for the Tuscany region.

Geothermal energy currently provides 31% of the region’s electricity needs and can,
because of the wide potential of the existing geothermal resources, significantly increase
(double up) Tuscany’s share of geothermal renewable electricity in 2030-2050. The collected
data on natural CO, soils emissions demonstrate for the first time that the emissions
of power plants are a small part (<8%) of natural total CO; emissions. Results of this
study are very significant because could demonstrate that geothermal energy is really a
green sustainable renewable energy with 0 emissions of CO; in atmosphere and therefore
strongly contributes to the reduction of greenhouse gas in the atmosphere and consequently
significantly to the climate changes mitigation.

2. Geological, Hydrogeological, and Geothermal Settings

The AVGA is dominated by the presence of a Quaternary volcanic complex lava dome
field massif (231-305 ka) [2], which is emplaced on the structural high geology of Mt.
Amiata—Mt. Razzano in correspondence with a sinistral transcurrent fault. To the east of
the volcano, the Radicofani graben develops with a homonymous trachybasaltic volcano
in the center. A remarkable uplift (about 800-900 m) affected the volcanic geothermal
area because of the isostatic deformations of the low-density granitic bodies from an intru-
sion/magma chamber seated at about 4-5 km depth. Vertical normal faults separate the Mt.
Amiata structural high from the deep Neogene basin. The southern Tuscany succession
created by phyllites from a metamorphic basement and by the tectonic sedimentary covers
characterizes the area [17].

The subsoil of this volcanic geothermal system is well known because of the deep
wells that allow the geothermal fluid production of the Mt. Amiata geothermal fields. The
Quaternary magmatism induces a very strong shallow thermal anomaly because of the su-
perimposition of the high regional heat flow due to the regional Plio-Quaternary stretching,
local Pleistocene regional intrusions, and fluid convection in shallow fractured geothermal
reservoirs in the upflow areas of Piancastagnaio-Bagnore and in correspondence with the
main fault systems. Surface thermal manifestations, thermal springs, concentrated gas
emissions, and general diffuse natural soil gas emissions, mainly of CO,, are ascribed to
high thermal anomalies.

A three-dimensional (3D) reconstruction of the subsurface of the whole AVGA [16,18-20]
was created using data from the intense geothermal exploration drilling and geophysics
studies carried out in the area since the 1960s [12]. Based mostly on the geophysical
evidence, a granitoid intrusion mingled with mafic magmas located at a depth of about
4 km is supposed to be the heat source for the geothermal system [6,8,21]. Gravimetric
models [7,8,22] indicate the presence of a negative NE-SW anomaly centered in correspon-
dence with the volcanic massif and the geothermal fields, interpreted as a low-density body
located at shallow crustal levels. Seismic reflection surveys highlight a strong reflector
(4-7 km depth), known in the literature as the K-horizon [23-25], whose depth is lower in
correspondence with the geothermal fields and the NE outer sector of the volcanic massif.
The K-horizon shows an elongated NE-SW shape, whose culmination is centered on the
volcanic edifice [22,25] and coincides with the granitoid intrusion (Mt. Amiata magma
chamber) and its thermometamorphic contact aureole [6,8,26]. The K-horizon is associated
with the 400-450 °C isotherm [24,26]; therefore, it represents the roots of the geothermal
systems at depth.

Two water-dominated high-enthalpy geothermal reservoirs are present at increasing
depths: i.e., a shallower reservoir hosted in the carbonatic and evaporitic formations of
the Tuscan Nappe (with temperatures ranging from 150-230 °C) and a deeper reservoir
hosted in a fractured layer of the thermal aureole in the metamorphic basement where
temperatures are higher than 300 °C and up to 350 °C [18,20,27]. The two geothermal
reservoirs are separated by low permeability phyllite layers of the regional metamorphic
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basement [18,20]. Nowadays, only the deeper reservoir is exploited for power generation.
Mt. Amiata geothermal reservoirs are both characterized by high gas contents, with CO,
being the main component (94-95%), followed by CHy4 (1-3.8%) and H,S (0.5-2.4%) [15,28].
Dome-shaped structures (i.e., gas caps) develop in the shallow reservoir at the contact
with the above impermeable formations, where steam and gases produced at depth can
accumulate over the liquid phase [18]. These gas caps are composed of 85% gas in the
Bagnore geothermal field and 40% gas in the Piancastagnaio field [18], with CO; being the
most abundant component [28]. The recharge areas in the geothermal system are supposed
to correspond with the outcrops of Tuscan Nappe carbonatic formations on a regional scale,
where meteoric water can infiltrate at depth [29].

A shallow hydrothermal system is located in the Bagni San Filippo area (characterized
by a maximum temperature of 62 °C, S. Filippo 001 exploratory borehole [30]), where the
shallow carbonatic and evaporitic reservoir crops out in the Poggio Zoccolino hills, which
are one of the recharge areas for the geothermal system. Many thermal spring emergences
discharging from this shallow hydrothermal system are present in the Bagni San Filippo
area, with temperatures ranging from 42-51 °C, and a Ca-SO4 composition [14,15,31].

A cold phreatic and potable aquifer with low salinity and a bicarbonate—alkaline
composition is hosted in the Mt. Amiata fractured lavas [14,15,32]. The phreatic aquifer is
separated from the shallow geothermal reservoir by the presence of impermeable mostly
clayey and shaly formations in between, belonging to the Ligurian Units (ophiolites and
their pelagic sedimentary cover) and the uppermost clayey formations of the Tuscan
Nappe [18,19,32]. More than 150 springs emerging from the volcanic massif and the
phreatic aquifer, which is fed by meteoric water and serves numerous towns located in
southern Tuscany and northern Latium [19,32,33].

3. Natural Gas Emissions and Origin of CO;

A recent soil CO; flux survey [16] identified a high diffuse natural soil CO, flux in the
AVGA area reaching 13,275 t/d in a surveyed area of 225 km? consisting of 2482 measure-
ment points with a density of 12 stations per km?. This is the widest and most detailed
survey performed in the Italian geothermal areas. In the same paper, high and low soil
flux areas were delimited and soil CO, degassing was demonstrated to be inhomogeneous,
reflecting the geologic structures and geothermal systems related to the volcano feeding
system, magma chamber/intrusions, and regional fault systems. Four main high soil flux
areas were identified, Bagnore, Piancastagnaio, Bagni San Filippo, and Seggiano. Low and
very low soil flux areas were delimited as coinciding with the slopes of the volcanic massif
and with the Arcidosso area (see Figure 6 in Sbrana et al. [16]).

Many focused gas emissions are present and are mostly located outside of the volcanic
massif. Gases are also discharged by cold springs and Ca—SOy-rich thermal springs [15,34]
and in correspondence with the tunnels and infrastructures of abandoned Hg mines [35-38].
Several papers and databases report the position, chemical, and isotopic composition and
flux rates of the gas emissions and thermal and cold springs (i.e., [14,15,35,39]). AVGA
gas emissions are composed mainly of CO, (85-93% vol.) followed by CHy, Ny, HyS, Hj,
Ar, CO, and He [14,15]. The tectonic control on gas emissions, thermal springs, travertine
deposition, and Hg mineralization in the Pietrineri-Bagni San Filippo area is connected to
Quaternary faulting related to the Mt. Amiata and Campiglia d’Orcia transtensional fault
systems and the associated releasing step-over zones [40]. Gas leaks are also identified in
correspondence with other abandoned Hg mines and are widespread in the Mt. Amiata
region, of which the Abbadia San Salvatore mine was the largest and most important one.
Hg-rich mineralizations and mines in AVGA are mostly located in correspondence with
Quaternary faults and fractures [9,40,41] (Figure 1).
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Figure 1. Geological sketch map of the Mt. Amiata volcanic-geothermal area (AVGA) area (modified
from [20]).

The origin of CO, in the Mt. Amiata region has been discussed and summarized in
several papers, where both mantle and crustal origins were hypothesized [14,15,23,42]. The
anomalously high CO, degassing that affects the peri-Tyrrhenian margin of Italy is mainly
related to the degassing of a CO;-rich mantle based on isotopic and thermodynamic mod-
els [31,42]. Mt. Amiata is located inside the Tuscan Roman degassing structure, a belt in
which an anomalously high flux of deep CO, mainly of mantle origin increases [34]. Conse-
quently, the CO, degassing phenomenon is independent of the presence of the geothermal
fields, extending over areas larger than those hosting geothermal fields in operation.

However, CO; crustal production also derives from thermometamorphic reactions in
the deep roots of geothermal fields occurring in the thermometamorphic halos of granitic
intrusions, where graphitic phyllites, thermometamorphic carbonates, and marbles are
present, furnishing CO, of crustal origin [23,27,42—44]. Continuous CO, production from
the roots of the AVGA system results in constant CO; contents over time [42]. A decrease
in the CO; content of geothermal fluids was recorded only in the early stages of geothermal
exploitation in the Mt. Amiata region when the production was limited to the gas caps of
the shallow reservoir [18]. In addition to the deeply derived CO,, CO, is also produced in
soils by heterotrophic and autotrophic reactions [45].
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4. Methods

Soil CO, degassing measurements were carried out following the accumulation cham-
ber method described by Chiodini et al. [46]. The employed instrument consists of an
accumulation chamber (with a 20 cm diameter) connected to an infrared gas analyzer
(LI-8100A LI-COR, Lincoln, NE, USA [47]). The infrared analyzer operates in the range of
0-20,000 ppm of CO, with an accuracy of 1.5% of reading. The CO, flux is computed from
the rate of increase of CO; concentration in the chamber over time, acquired every 1 s. An
exponential regression is fitted to the acquired data to convert the measured concentration
to flux values in the LI-COR software.

Measurements were carried out during dry season (June to September) and under
stable atmospheric conditions in order to avoid any possible influence of high soil or
air humidity.

The dataset of soil CO, flux measurements (Table S1) was afterward elaborated with
statistical methods, applying the graphical statistical approach (GSA) method described by
Chiodini et al. [46]. The log-normal probability plot is widely used to identify geochemical
log-normal populations [48]. Data plotting as a straight line on the log-normal probability
plot is characterized by a single population, while two or more populations plot as a curve,
identified by n — 1 inflection points. Log-normal populations in geothermal and volcanic
areas are usually represented by a polymodal distribution, with a low soil flux population
representing the biological activity of the soil, typically referred to as the background, and
by a high soil flux population representing the hydrothermal or magmatic contribution;
therefore, the CO, generated at depth [49] is typically called an anomalous flux. The
Sichel’s t estimator [50] was used to calculate the mean flux, standard deviation, 95%
confidence interval, and threshold of the identified log-normal populations.

The sequential Gaussian simulation (sGs) technique [49] was used to compute the soil
CO; flux maps and the total CO; release from diffuse degassing from the soil. The sGs
technique is widely used and preferred in the most recent soil CO; flux literature over other
techniques (e.g., GSA in Chiodini et al. [46]) and over other mapping and interpolation
techniques (e.g., the Kriging algorithm). In particular, in the GSA technique, threshold
choice is greatly arbitrary and the spatial distribution of data is not considered. In contrast,
even if the Kriging algorithm is a spatial interpolation technique that contemplates the
spatial distribution of data, it does not honor the statistical distribution of the experimental
dataset. The sGs is a stochastic simulation algorithm that considers both the spatial
correlation and the statistical distribution of the experimental data and allows for the
quantification of the uncertainty estimated over a simulation grid from 100 equally probable
realizations [49]. Stanford Geostatistical Modeling Software [51] was used to perform
the geostatistical elaboration of the collected soil CO, flux measurements, run the sGs
algorithm, and post-process the results. The total soil CO, degassing was computed as the
sum of the product of simulated values of each cell in the simulation grid by the value of
the simulation grid area [49].

5. Results

A new s0il CO, flux survey was performed in the Mt. Amiata area in the summer of
2019 to expand the previously investigated area and delimit the degassing areas. Starting
from the previously surveyed area, the new soil CO; flux survey was extended toward the
south and south-east, now completely covering Bagnore and Piancastagnaio geothermal
fields and a portion of the Paglia River Valley. There were 738 new soil CO, flux mea-
surements collected over an area of about 60 km?. The survey was performed using the
same technique defined in the previous work with the same instrument under dry and
stable weather conditions. The measurements were collected over a regular grid with a
spacing of 250 m to maintain consistency with the previous general survey and integrate
all data. Sbrana et al. [16] concluded that the selected grid spacing was the best choice for
a regional survey like this, considering the wide area under investigation, and showed
that the grid spacing used was sufficiently accurate and adequate to reveal and highlight
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the main degassing areas and structures, although small-scale degassing structures were
not detected. The southeastern sector of the new survey, characterized by the presence of
cultivated fields and pastures, was successfully covered with a regular grid of soil CO,
flux measurements, while the presence of steep and impervious morphology prevented
covering the southern part of the surveyed area with an equally spaced grid of soil CO,
flux measurements (Figure 2).

Figure 2. Measurement points for the first A and second B surveys.

Because this work aims to estimate the total soil CO, flux over the Mt. Amiata
area and that the two surveys were both made during the summer season under the
same weather conditions, the whole soil CO, flux dataset was treated as a single dataset
comprising 3208 measurements spanning over an area of 280 km? with a coverage of about
12 measures per km?. A few measurements were discarded from the analytical treatment
when the regression coefficient (R?) of the exponential regression of the fitting curve to the
measured concentration in the chamber within the time exceeded 0.85.

Soil CO;, flux values in the Mt. Amiata area range from 0.43 up to0 296.41 pumol m 2 s
(1.6-1127 g m~2 d~!) (Table 1 and Figure 3).

The dataset was analyzed through the GSA method, and data were plotted on the
log-normal probability plot [49]. Even though the log-normal probability plot of soil CO,
flux data in the Mt. Amiata area (Figure 4) does not show a clear polymodal statistical dis-
tribution, the partitioning of the flux data was performed as described by Sinclair [48] and
Chiodini et al. [46]. Two inflection points were observed that identify three overlapping log-
normal populations: i.e., population A (inflection point at 0.77 log19CO,, tmol m~2 s~ 1),
population C (inflection point at 1.55 log;9CO;, pmol m~2s71), and a third population
(population B) made up of a mixture of populations A and C.

-1
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Table 1. Summary statistics of the entire soil CO, flux dataset in the Mt. Amiata region.

Surveyed Number of CO; Flux Range = CO; Flux Mean CO;, Flux Median

2 (umolm—2s-1)  (umolm—2s-1) (umol m—2s-1)
Area (km?) Measurements (gm-2d-1) gm-2d-1) gm-2d-1)
0.43-296.41 14.97 11.2
280 3208 (1.6-1127) (56.9) (42.6)

Figure 3. Frequency plot of soil CO, flux measurements. Range from 0.43 up to 296.41 pmol m 2 s~

corresponds to —0.37 to 2.47 log1o CO; flux values.

The summary statistics for populations A, B, and C are shown in Table 2. Sichel’s ¢
estimator [50] was used to calculate the mean flux, standard deviation, 95% confidence in-
terval, and threshold of the log-normal populations identified with the procedure proposed
by Sinclair [48]. Population A is defined by a mean of 4.9 umol m~2s~! (186 gm=2d1!)
and a threshold of 10.41 pmol m—2 s~ ! (39.6 g m~2d!)and represents 20% of the dataset.
Population A denotes the pure biological background population. Population C represents
6% of the dataset and is defined by a mean of 49.75 pumol m 2 s~! (189.2 gm~2d~!) and a
threshold of 32.6 umol m~2 s~ (123.9 g m~2 d~'). Population C is the pure hydrothermal
population characterized by high CO, fluxes. Finally, 74% of the dataset (population B) is
represented by a mixture of populations A and C. No data about the '3C isotopic content of
soil CO; are available; thus, the partitioned populations cannot be addressed equivocally
to the biological background or to the deep hydrothermal production.

Table 2. Summary statistics of the partitioned populations.

co Mean and 95% Threshold
Po ulaztion Proportion (%) Confidence Interval (umol m—2s-1)
P (umol m—2s-1) (gm-24d-1) (gm-2d-1
. 4.9 (4.78-5.03)
Population A 20 [18.6 (18.18-19.13)] 10.41 (39.6)
. 12.3 (12-12.6)
Population B 74 [46.8 (45.6-48)] 25 (95)
Population C 6 49.75 (47.6-51.7) 32.6 (123.9)

[189.2 (181-196.6)]
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Figure 4. Log-normal probability plot of soil CO, flux measurements. The partitioned popula-
tions [48] and the inflection points are shown. A dashed straight line traced through the central part
of the plot helps visualize the chosen inflection points.

6. Discussion
6.1. Natural CO; Flux

The whole dataset of 3208 measurements available for the Mt. Amiata region was used
to compute the soil CO; flux maps and the total CO, release from diffuse soil degassing
using the sGs technique [49]. There were 100 equiprobable realizations of the soil CO, flux
produced over a 50 x 50 m simulation grid. The resulting map of Mt. Amiata soil CO, flux,
representing the average of the 100 realizations is presented in Figure 5.

The highest slopes of the volcanic massif (with the highest peak of 1730 m) are
characterized by low CO, flux values near the biological background (Figure 5). Similar
low soil CO; flux values are also found in a broad area in the western sector of the area.
The lowest slopes of the volcanic edifice are instead characterized by soil CO, flux values
higher than the biological background threshold (10.41 pmol m 2 s~ ! or 39.6 gm—2d1).
High soil CO; flux anomalies (higher than the background threshold) characterize the
geothermal fields of Bagnore (B area) and Piancastagnaio (C area), where steam and gases
accumulate in a dome-shaped structure (i.e., gas caps) present at the top of the shallow
carbonatic—evaporitic geothermal reservoir. These geothermal areas are delimited using the
influence radius in reservoirs of the geothermal deep production wells. Other important
high soil CO, fluxes are found in the Bagni San Filippo area and in the river Paglia
valley. These greenfield and high emission areas are delimited by the 20 umol m 2 s~!
isoflux line on the sGs map. In the Bagni San Filippo area, the highest soil CO, fluxes
are recorded in correspondence with the western border of the Radicofani basin and its
master faults system, and in the Inferno area, CO,-focused emissions are also present and
in correspondence with the Campiglia d’Orcia NE-SW fault system (north of the volcanic
massif). A structural control on the Paglia River Valley is inferred by looking at Figure 1,
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where buried normal faults related to the graben structure could have driven the NW-SE
valley incision.

Figure 5. Soil CO; flux map with areas of Bagnore, Piancastagnaio (geothermal fields in operation,
brownfields), Bagni San Filippo (geothermal greenfield), and Paglia River high emission areas. Red
stars are the concentrated gas emissions and gas vents considered in the CO, total emissions budget
in the atmosphere. The geothermal wells in operation used to define B and C areas are also reported
(Enel Green Power data).

In the AVGA, high soil CO, fluxes are found in correspondence with the infrastruc-
tures, tunnels, and mine shafts of Hg mines, where Quaternary faults and fractures are
widespread, in correspondence with the Pietrineri, Bagnore, Mt. Labro, and Senna Morta
mining areas (the latter is located between Piancastagnaio and Poggio Nibbio) (Figure 1).

Using the background threshold (Table 2) as the cutoff value, the probability that soil
CO, flux exceeds this value highlights the diffuse degassing structures [49]. The probability
map (Figure 6) emphasizes areas where the biological background prevails in addition to
areas of diffuse anomalous degassing (deep carbon populations B and C), highlighting the
strong soil CO, diffuse degassing that affects the whole Mt. Amiata volcano geothermal
area, with many areas showing anomalous fluxes.

The total soil CO, degassing over the whole Mt. Amiata area and its uncertainty was
calculated with the sGs technique. The total natural CO; output, computed as the sum
of the product of simulated values of each cell in the simulation grid by the value of the
simulation grid area, represents the average of the 100 equiprobable realizations. The total
natural soil CO; degassing was estimated as 16,254 t/d, with a 95% confidence interval of
15,800-16,642 t/d. The biological contribution was estimated as 5,217 t/d and the deep
contribution was estimated as 11,037 t/d based on the mean of the partitioned populations
Aand C.

Given the survey area of 280 km?, a mean emission rate of 58 t/d km? was estimated
based on the total natural soil CO; output. An emission rate of 115 t/d km? was estimated
for the Bagni San Filippo high soil CO, flux area (A in Figure 5), while emission rates
ranging from 154-200 t/d km? [15,35,36] were estimated from localized high soil CO,
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degassing areas only. The lower emission soil CO; flux area coincides with the upper
slopes of the volcanic edifice, characterized by the presence of a climate forested zone,
where an emission rate of 27 t/d km? was computed [16]. Sbrana et al. [16] explained
this very low soil flux on the dome complex volcano as being due to the lamination of the
shallow geothermal reservoir to the presence of a phreatic aquifer grading upward in thick
water unsaturated fractured lavas of the dome complex. In this framework, the increase of
deep CO, appears to be slowed down. For more details on the subsoil geology of AVGA,
see the paper by Sbrana et al. [16], which reports a reconstruction of the buried structures.

Figure 6. Probability map of occurrence of soil CO, flux higher than the background threshold.

Soil CO; flux profiles in relation to simplified geological sections help to visualize the
main degassing structures. In Figures 6 and 7a, the geochemically anomalous soil CO,
flux areas (where fluxes are higher than the background threshold, 10.4 pmol m~2 s~1) of
Piancastagnaio and Bagnore geothermal fields are well evidenced south of the volcano.
These wide degassing areas span from about 25 km? for Bagnore and about 35 km? for
Piancastagnaio. These two areas were computed considering only the geothermal wells in
operation (Enel Green Power data) as the surface projection of the interference area of the
wells in the geothermal reservoir. In the northern AVGA, high emission areas are delimited.
The most intense and wide are the greenfield areas of Bagni San Filippo and Seggiano.

The soil flux profiles (Figure 7b) describe the degassing areas well. In profile AA’, the
maximum gas flow rate occurs in the Piancastagnaio field, reflecting the presence of the
relatively shallow and thick carbonatic-evaporitic reservoir. At the top of this reservoir,
a CO, vapor gas cap in the upflow zone of a robust convection system has developed.
Furthermore, the K-horizon is relatively shallow at a depth of approximately 4.5 km.
The K-horizon is the proxy of the granitic intrusion. In the thermometamorphic aureole
of granites, CO; is produced by thermometamorphic reactions feeding the geothermal
reservoirs, and finally, the diffuse soil degassing is observed. In the same profile, an area of
anomalous flux was observed in the Seggiano area.
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Figure 7. (a) sGs map of soil CO; flux AVGA superimposed on a 3D DTM (Digital Terrain Model) of
AVGA; (b) Soil CO, flux profiles in relation to topographic profiles and geological sections reporting
the main geological formations and the K-horizon, proxy of the granite intrusion.

In profile BB’, an increase of flux between 15 to 20 pumol m~2 s~! was shown in

correspondence with the Bagnore field, while the strongest values occur in the greenfield
areas of Bagni San Filippo and Mt. Labro.

6.2. COy Emissions from GPPs

The effect of geothermal power production on natural surface manifestations is still
little known. Bertani and Thain [52] have shown that geothermal power production led to
a decrease in surface CO, natural manifestations in the Larderello geothermal field (Italy).
Frondini et al. [15] suggested that surface manifestations in the Mt. Amiata geothermal
field could have also decreased because of geothermal energy exploitation; however,
predevelopment CO; emissions in the Mt. Amiata region are not available. Bertani and
Thain [52] suggested that if the reduced natural manifestations are countable, they should
be subtracted from the GPP emissions. In some other foreign geothermal fields, however,
CO; surface emissions have increased in response to the exploitation and to the reduced
reservoir pressure, e.g., as observed in the Reykjanes geothermal field in Iceland [53,54]. It
is important to notice that AVGA and Iceland are characterized by very different geological
contexts. Observation data relative to the Icelandic soil CO, flux are furthermore not areal
normalized, which makes comparing the greenfield and brownfield areas more difficult.
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In the Mt. Amiata region, six GPPs are distributed between the Bagnore and Pi-
ancastagnaio geothermal fields, with a total installed capacity of 121 MW (Table 3). Three
GPPs, two single flash units, and a binary group (ORC, Organic Rankine Cycle) are located
in the Bagnore geothermal field, while three single flash units are located in the Piancastag-
naio geothermal field (Figure 1). The annual electricity production in the Mt. Amiata region
in 2018 was 1070.8 GWh [55], which represented 18% of the total geothermal electricity
production in Italy (6105 GWh) [56].

Table 3. Geothermal power plants (GPPs) in the Mt. Amiata region [13].

Plant Name Year Number of Type Installed
Commissioned Units Capacity (MWe)
Bagnore 3 1998 1 Single Flash 20
Binary Group Bagnore3 2013 1 Binary-ORC 1

Bagnore 4 2014 2 Single Flash 40
Piancastagnaio 3 1990 1 Single Flash 20
Piancastagnaio 4 1991 1 Single Flash 20
Piancastagnaio 5 1994 1 Single Flash 20
Total - - - 121

The CO; emissions data from Italian GPPs are published annually by the Tuscany Re-
gional Agency for Environmental Protection [13,57,58]. CO, represents the most abundant
noncondensable gas emitted from Mt. Amiata GPPs, corresponding to 95.6% of the gas
phase [28]. In addition, CO, H,S, NH3, CH,y, Hg, As, Sb, N, He, Ar, and Se constitute the
gas phase of the geothermal fluids in the Mt. Amiata reservoir [13,15,28].

Table 4 shows the CO, emission values from the single flash power plants in the Mt.
Amiata area. In 2018, a CO, emission factor of 484 g/kWh was calculated as an average
of all Mt. Amiata GPPs, while the emission factor computed for 2016 was 524 g/kWh
(Piancastagnaio 5 data are missing) and for 2014 was 503 g/kWh (Bagnore 4 data are
not considered). Bravi and Basosi [59] reported a weighted averaged emission rate of
497 g/kWh from 2002 to 2009. The total CO, emissions from GPPs in the Mt. Amiata area
were 515,193 tons in 2018.

Table 4. Mt. Amiata GPPs’ CO, emissions. Number of GPPs sampled by ARPAT compared to the
total installed. Total CO; emissions from GPPs are computed after ARPAT inventories [13,58]; 2016
data are after [57,60]. Annual electricity production for Mt. Amiata GPPs data after: (a) [55]; (b) [60];
(c) [61]. (d) CO, emission factor years 2002-2009 after [59].

GPPs’ Total Annual Annual Electricity
Year No. of GPPs CO; Emissions (t/y) Production (GWh/y) CO; g/lkWh
2018 5/5 515,193 1064 (a) 484
2016 4/5 449,299 842 (b) 524
2014 4/4 342,669 681 (c) 503
2002-2009 Variable - - 497 (d)

The emission factors from GPPs around the world are shown in Table 5 for comparison.
The CO, emissions from GPPs in the Mt. Amiata area are rather high if compared to the
global world weighted average of 122 g/kWh [52] and the emissions of other GPPs around
the world (except for Turkey and Larderello, Italy), but they are still small compared to
emissions from traditional thermal power plants (Table 6). The CO, emissions for electricity
generation from fossil-fueled power plants in Italy from 2017 [62] are reported in Table 6.
Fossil-fueled power plants accounted for 70.5% of the total annual electricity generation in
2017. Table 7 shows that CO, emissions from Mt. Amiata GPPs are lower than thermal
fossil-fueled power plants, except for natural gas power plants. The emissions from coal
power plants are about two times greater than that of GPPs and the derived gas emissions
are three times greater.
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Table 5. CO, emission factors from GPPs around the world.
Geothermal Area Year CO, g/kWh Reference
Larderello (Italy) 2018 343 Calculated based on ARPAT data
Italian geothermal fields (average) 2014 321 [63]
Italian geothermal fields (average) 2015 343 [63]
Italian geothermal fields (average) 2016 311 [63]
Iceland 2018 26 [64]
Iceland 2012 34 [65]
Indonesia 2013 62.9 [66]
USA 2003 91 [67]
USA 2010 25.7 [68]
California 2014 107 [65]
California, the geysers 2013 45 [65]
California, Coso 2013 245 [65]
New Zealand 2012 104 [65]
Turkey 2014 1050 [65]
Global 2001 122 [52]

Table 6. CO, emission factors from fossil-fueled power plants in Italy [62].

Percentage of Fossil-Fuel Electricity

Fossil-Fueled Power Plants CO, g/kWh (2017) Production in 2017

Coal 870 15.6
Natural gas 368.3 67.2
Derived gas 1498.4 1.2

Petroleum 548.9 5.5
Others * 133.3 10.5

* other solid and gaseous fuels including biomethane.

6.3. Merging Natural Soil CO, Flux and GPPs” CO, Emissions

The different components comprising the CO, budget for emissions in the AVGA are
in the order of abundance: soil diffuse emissions, GPPs, and focused emissions (gas vents,
thermal pools, and Hg mine infrastructures). All of the total collected data reported in
Table 7 are visualized in the bar diagram shown in Figure 8, where the different single
components and their sum are illustrated. The total soil CO, flux is subdivided into
the background flux values (calculated by means of data statistics) coinciding with the
biological population A of Figure 4 and in the deep CO, populations B and C of Figure 4
coinciding with the CO, naturally formed in thermometamorphic aureole of the volcano
magma chamber intrusion and rising from deeper magmatic mantle sources. The total CO,
emitted in the AVGA is estimated as 17,934 t/d (as shown by the right bar of Figure 8),
of which diffuse deep CO, is 11,038 t/d, where the 262 t/d of focused emissions must be
added to this value. The total deep CO, reaches 11,300 t/d. The CO, emissions of the six
GPPs of Bagnore and Piancastagnaio fields sum to 1418 t/d, which represents 7.9% of the
CO; emitted in the atmosphere in the AVGA.

Another important focus concerns the analysis of the high CO; flux areas. As previ-
ously stated, these areas coincide with the Bagnore (area B in Figure 5) and Piancastagnaio
(area C in Figure 5) geothermal fields and with the greenfield areas unaffected by geother-
mal operations of Bagni San Filippo (area A in Figure 5) and Paglia (area D in Figure 5).
Figure 9 shows the emissions in the different high soil flux areas expressed as t/d. Similar
emissions are observed in different areas and separated into the background (biological),
deep, GPPs’ emissions, and focused emissions. Because of the different areal extent of
the high emission areas, a better way to analyze data is to normalize emissions for areas
expressed as t/d km?.
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Table 7. CO, soil fluxes in different areas (brown and greenfields). GPPs data from [13]. (*) Sum of all CO, focused
emissions in the Mt. Amiata volcanic-geothermal area (AVGA) area.

Diffuse CO; Degassing Diffuse CO, Degassing CO; Focused

Diffuse Degassing Area (Biological Component) (Deep Component) ((;tif)s Emissions ?:/1:11;
t/d) (t/d) t/d)
. . 2
Plancastagnalq (24.8 km~) 463 1466 770 ) 2699
(brownfield)
Bagnore (14.5 km?)
(brownfield) 270 635 648 2 1555
. 1. 2
Bagni San FlllpPO (12.3 km*) 229 1186 . 144 1559
(greenfield)
: 2
Paglia Valley'(7.13 km~) 133 599 . } 730
(greenfield)
Survey Area (280 km?) 5216 11,038 1418 262 (*) 17,934

Figure 8. Total CO, emissions in AVGA, split in its components.

Figure 10 highlights first that a very similar normalized emission occurs ranging from
103-115 t/d km? in the four areas. These data point to the general observation that the CO,
flux from deep sources is homogeneous in the AVGA. This observed behavior is most prob-
ably linked to the mechanisms of natural generation of CO, that several researchers [16]
claim are because of the thermal processes in the thermometamorphic contact aureole of
the Mt. Amiata volcano shallow magmatic systems and to the deeper mantle-generated
and -released CO;. The large volumes of the relatively shallow (4-5 km depth) magmatic
system extending in subsoil over the whole AVGA allow for the homogeneous release of
CO, in particular in correspondence with the vertical projection of the shallower portions
of the magmatic system. The homogeneous emission of gas allows us to compare the
gas flux between the areas where natural emissions are undisturbed and the areas where
the production of electricity is active. The consequence of the collection, processing, and
analysis of the presented data is that if the homogeneous deep gas flow is established over
large areas, then the undisturbed areas can be taken as a reference to the medium-deep
natural flow by verifying the effects of electricity production activities on the natural flux
of gas in geothermal fields.
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Figure 9. CO; emissions in the four high emission areas and in the AVGA area. In the Bagnore
and Bagni San Filippo areas, only CO,-focused emissions located inside the two identified areas
are considered.

Figure 10. Comparison of the areal normalized CO, emissions from different sources (biological,
deep, geothermal power plants (GPPs)) in the high emission areas of AVGA, greenfields, and
brownfields. The contribution of CO, focused emissions have been neglected because of their very
slow relative contribution.
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Figure 10 also shows another key point for this study’s objectives. The natural
emissions measured from soils are considerably lower in areas of the geothermal fields
(Figure 10 and Table 8). For the Bagnore area, the contribution of deep CO; to the diffuse
soil flux to the atmosphere is the same as that of emissions from power plants. For the
Piancastagnaio area, the contribution to diffuse emissions of deep CO, is double that of
CO; emissions from power plants. However, summing up the total emissions from soils
plus the emissions from the GPPs, we observe that the emissions in geothermal areas are
the same as those occurring in greenfield areas.

Table 8. Areal normalized natural and GPPs CO; fluxes, greenfields, and brownfields. GPPs calculated based on data

from [13].
Diffuse CO, Degassing Diffuse CO, Degassing
. . . . GPPs Sum
Diffuse Degassing Area (Biological Component) (Deep Component) (t/d km?) (t/d km?)
(t/d km?) (t/d km?)
Piancastagnaio (24.8 km?)
(brownfield) 19 > 31 109
Bagnore (14.5 km?)
(brownfield) 18 4 45 107
. .1 2
Bagni San FlllpPO (12.3 km~) 19 9% ) 115
(greenfield)
: 2
Paglia Valley'(7‘13 km?) 19 84 ) 103
(greenfield)

We can observe that the Bagnore and Piancastagnaio soil emissions are significantly
smaller if compared to Bagni San Filippo and Paglia areas, but they become equivalent
if the contribution of GPPs emission is included in the flux. This finding shows that
the depletion of emissions in the developed geothermal area is nearly balanced by the
contribution of GPPs.

6.4. The Conceptual Model

All data collected, elaborated, and analyzed may be resumed in a conceptual model
for CO, degassing in the AVGA and may be useful in better defining the implications of the
interplay of processes of natural degassing and the effects of the superposition of electricity
production. Figure 11 shows a 3D sketch of the Piancastagnaio geothermal field and the
Bagni San Filippo greenfield geothermal system, which can be used to easily visualize
the observed processes of formation, transport, and release on the surface of the Earth in
the AVGA.

Our data suggest that from a statistical point of view, CO, is mainly of deep origin
with a contribution because of the biological activity of soils and plants. Deep CO; derives
by the contribution of the mantle, deep magmatic systems and by the thermometamorphic
processes acting at shallow depths at the interface between granites and its wall rocks
where thick layers of cornubianites form. The granite depth is revealed by the K-horizon
reflector (the deep roots of the AVGA geothermal system). The CO; from this source is
preferentially transported upwards by the convective systems developed inside the water-
dominated deep fractured geothermal reservoir hosted in thermometamorphic phyllites.
From this geothermal deep reservoir, gases rise upward to feed the shallow geothermal
reservoir hosted in porous fractured carbonatic-evaporitic rocks. The convection of the
high temperature, aqueous fluids in reservoirs, and tectonic traps induce the formation of
NCG (non-condensable gases) gas and vapor accumulations at the reservoir top because of
the permeability contrast with the overlying clay-rich impermeable cover formation. The
impermeable cover of geothermal systems stops rising up of the aqueous fluid, but it is not
impermeable to gas, thus allowing the gas to rise to the surface and fueling the widespread
CO; diffuse emissions that characterize this area. In the presence of tectonic breaks (faults
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and fractures) in impermeable subsoil formations or the absence of impermeable formations
at the top of geothermal reservoirs, concentrated gas emissions, i.e., gas vents, occur.

Figure 11. Conceptual model exemplified in a section crossing the Piancastagnaio geothermal field
and the undisturbed Bagni San Filippo area (Icons designed by macrovector/Freepik).

The analysis of the natural CO, flux from soil and concentrated emissions (gas vents,
active fault systems, mining areas, and GPPs’ emissions) highlights that a total CO,
emission of 17,934 t/d occurs in the AVGA. The comparison with the emissions from
the GPPs (1418 t/d) show that only 7.9% of the total carbon flux was issued by GPPs.
Consequently, the performed survey for this whole geothermal area of Italy can define the
true ratio between the natural emissions from the crust to the atmosphere occurring in
this area and the emissions measured in GPPs. We demonstrate first the low contribution
of geothermal energy production to increase the contribution of CO, emissions to the
atmosphere. In general, this represents the first important improvement of the existing
knowledge about the GPPs” CO, emissions and demonstrates the importance of defining
the natural emissions in the geothermal areas for a better understanding of the true role of
GPPs in greenhouse gas emissions. This topic is further discussed in the following points.
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Four diffuse high emission areas with very high values of natural gas fluxes from
the soil were discovered and areal bounded. These areas mainly coincide with AVGA
geothermal /hydrothermal systems in which convective processes are strongly active. The
CO; that forms in the thermometamorphic aureole of the magma chamber /intrusions of
the Mt. Amiata volcano, in the deeper portions of the magmatic system, and rising from the
mantle is preferentially transported upward in water-dominated geothermal convection
cells formed in the shallow and deep geothermal reservoirs. Data analysis for these four
areas shows that the global CO, flux, natural plus power plants flux, is similar between the
areas. The CO, flux stands at 103-115 t/d km?2.

Two of the areas coincide with the upflow areas of the Bagnore and Piancastagnaio
geothermal fields and have been in operation for 60 years (brownfields), while two areas
are located in areas not in operation for geothermal production (greenfields). The highest
emissions are observed in the Bagni San Filippo area and are diffuse and concentrated
(in faults, water thermal pools natural manifestations, gas vents, and in correspondence
with disused Hg mining sites) and in the Paglia River area. The comparison between
the geothermal and the latter areas highlights that the total flow (t/d km?) is practically
coinciding around a mean value of 110 t/d km?, if the GPPs emission is included in the
budget, while the diffuse natural flow in geothermal areas is much lower. In the Bagnore
area, it slightly exceeds 55% of the total flow, while it is higher than 70% of the total flow
in Piancastagnaio.

These experimental data indicate very high gas soil diffuse and concentrate emissions
in the AVGA, which are relatively constant in the various sectors of the volcanic geothermal
district. This is possibly because of the occurrence of a relatively homogeneous process of
CO, generation at depth over a roughly circular area mainly coinciding with the deep roots
of the AVGA feeding system (magma chamber/intrusions and related thermometamorphic
halo and more in the general volcano plumbing system).

In this framework, in the areas of geothermal fields, the survey shows that the diffuse
natural emissions of gas markedly decrease. If we add the emissions from the area of power
plants (calculated on the reservoir area in operation) to the soil diffuse emissions of the same
area, a good match is observed with those of the undisturbed (greenfield) areas of Bagni
San Filippo and Paglia. These data indicate that the gas emissions linked to the operation
of power plants substantially balances the natural gas soil flux that appears markedly
reduced in operation areas. The values of CO, emissions of Bagnore GPPs normalized to
the reservoir area, 45 t/d km?2, summed to deep and background CO; for the same area,
109 t/d km?, are equal to the mean values of the undisturbed areas (110 t/d kmz). The
same value is obtained for the Piancastagnaio area.

7. Conclusions

These data demonstrate that the AVGA is a good example of the replacement mech-
anism operated by the CO, carried by deep wells from the reservoir to the surface. The
strong reduction observed between 50% and 70% of natural soil gas flux compared to
the emissions in greenfield areas is balanced by the gas emission of GPPs. Thus, gases
drained with geothermal fluids by wells by the deep reservoirs reduce the natural soil
gas emissions.

These results imply a key reflection: i.e., the GPPs emissions reduce up to 50% of
the natural emissions in the Mt. Amiata geothermal fields. However, this assumes that
comparing the emissions in the brownfields and greenfields of the same geothermal system
is the correct procedure. If the reduction of natural emissions is perfectly balanced by the
emissions of the power plants, the geothermal production of electricity has zero CO, emis-
sions. If the reduction of natural emissions is not counterbalanced by the emissions of the
power plants, the practice of reinjection progressively reduces the gas/water vapor ratio in
the geothermal reservoirs and then the geothermal generation will yield an environmental
bonus by producing electricity that also reduces global CO, emissions.
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The data presented show that CO; (naturally produced in the earth’s crust and litho-
sphere through magmatic and metamorphic processes) because of its physicochemical
characteristics is not retained in depth by surface geological formations that are not suffi-
ciently impermeable to gases and is emitted on the Earth’s surface. This implies that CO,
is and would always be emitted to the surface at a constant rate like in the AVGA case
study area. The concept of innovative zero-emission power plants currently proposed,
implying the compression and reinjection of CO;, are therefore useless. The compressed
and reinjected CO, would be enriched in the geothermal reservoirs, reach saturation in
the aqueous fluids in reservoirs, and consequently be released back to the surface both by
diffuse soil emission and by the increased in gas content in the geothermal fluids. Finally,
the concept of CO, emissions from GPPs as expressed in g/kWh, must therefore be ap-
propriately reconsidered because the study highlighted that in the Mt. Amiata area, and
probably throughout the world, the natural emission of CO, in volcanic geothermal areas
can exceed the emission from GPPs by at least an order of magnitude. In the AVGA, GPPs
contribute only 7.9% to the total CO, budget in the atmosphere, and emissions are much
lower than those of fossil-fuel power plants, In addition, the amount of gas emitted by
GPPs is equivalent to the depletion in natural soil emission, as shown in this study, with a
further consequence that the GPPs emission is substituted by an equivalent depletion of
natural emission with a zero-emission balance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14154692 /51, Table S1: CO, soil flux data.
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