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Static and dynamic stress, along with earthquakes, can trigger the emission and
migration of crustal fluids, as frequently observed on the surface and within the
upper crust of tectonically active areas such as the northern Apennines of Italy. To
investigate the origin of these fluids and their interconnection with the
seismogenic process, we complemented The Alto Tiberina Near Fault
Observatory (TABOO-NFO), a multidisciplinary monitoring infrastructure
composed of a dense array of seismic, geodetic, strain, and radon sensors,
with a proper geochemical network grounded on four soil CO, flux monitoring
stations and weather sensors, placed near the main vents of the superficial
manifestations. The TABOO-NFO is a state-of-the-art monitoring
infrastructure, which allows for studying various geophysical parameters
connected to the deformation processes active along a crustal fault system
dominated by the Alto Tiberina fault (ATF), which is a 60 km long normal fault
dipping at a low angle (<15°-20°). The region is favourable for conducting
geochemical studies, as it is characterised by the presence of over-pressurised
fluids trapped at certain depths and superficial manifestations associated with the
emission of large quantities of fluids. After describing the theoretical framework
and the technological aspects based on which we developed the geochemical
monitoring network, we described the data recorded in the first months. Over the
studied period, the results showed that soil CO, flux was primarily influenced by
environmental parameters, and that the selected sites received a regular supply of
deep-origin CO,.

KEYWORDS

soil CO, emissions, Tiberina fault, tectonic stress and strain, TABOO-NFO, seismogenic
processes

1 Introduction

Crustal faults are complex natural systems whose mechanical properties change over
time. Hence, understanding multi-scale chemical-physical processes, which control rock
deformation, faulting, and seismicity, requires the examination of processes at the
boundaries between different research fields, and the availability of multidisciplinary
long-term series of data. To fulfil this aim, the Italian National Institute of Geophysics
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and Vulcanology created The Alto Tiberina Near Fault Observatory
(TABOO-NFO) (Chiaraluce et al., 2014) located in the upper Tiber
Valley within the inner sector of the northern Apennines (Italy).
TABOO continuously monitors at a high rate and resolution a
relatively small and actively deforming area (120 km x 120 km)

using  state-of-the-art  geophysical —networks  comprising
multidisciplinary  instruments  (Chiaraluce et al, 2014).
Specifically, TABOO focuses on investigating preparatory

processes, slow and fast deformations along a fault system,
dominated by a 60km long low-angle normal fault (Alto
Tiberina fault, ATF), active since the Quaternary. The region is
characterised by high-pressure fluids (mainly CO,) at a certain
depth (Chiodini and Cioni, 1989; Chiodini et al., 2004) and very
high flux of CO, emissions (up to 5,800 t/yr) on the surface in the
absence of any evidence of active volcanism (Italiano et al., 2009;
Burton et al,, 2013). The ATF strongly influences the redistribution
of CO,-rich emissions and represents a key pathway for gas transfers
from regions deep below the surface to the surface (e.g., Chiodini
et al., 20005 2004; Collettini et al., 2008). Indeed, the ATF crosscuts
the entire upper crust, showing continuous microseismic events
from 15km to 4 km below the surface (Chiaraluce et al., 2007;
Valoroso et al., 2017). Regarding this aspect, several studies have
shown that tectonic stress can influence the circulation of crustal
fluid, generating detectable changes in the superficial fluid discharge
(Horélek and Fischer, 2008; Wang and Manga, 2010; De Gregorio
et al., 2012; Carapezza et al., 2018; Martinelli et al., 2021; Liu et al.,
2022). Several studies have extensively investigated the relationships
between fluid circulation and tectonic stress in the West Bohemia-
Vogtland district, a natural laboratory that displays frequent
earthquake swarms and anomalous fluid emissions (Weinlich
et al., 2006; Briuer et al.,, 2008; Briauer et al., 2009; Faber et al.,
2009; Weinlich et al., 2013; Fischer et al., 2014; Fischer et al., 2017;
Fischer et al., 2020). Also, in Central Italy, the relationships between
fluid circulation and tectonic stress were comprehensively examined
in the last decade by conducting dedicated geochemical
investigations at the regional and local scales, searching for the
key elements describing fluid circulation processes and variations in
the chemical composition of gases and solids dissolved in cold and
thermal groundwater (Heinicke et al., 2000; Italiano et al., 2004;
Caracausi et al., 2005; Heinicke et al., 2006; Italiano et al., 2009;
Bonfanti et al., 2012; Chiodini et al., 2020; Martinelli et al., 2020; Di
Luccio et al, 2022). The relationship between tectonic stress and
fluid circulation is not completely constrained. According to Sibson
(1994) and Miller et al. (2004), tectonic stress can modify the
properties of rocks, such as porosity, permeability, and pore fluid
pressure. Buttitta et al. (2020) showed that micro-fracturation due to
the stress field generated by the local seismicity can increase the
release of volatiles stored in the rocky matrix. The flow of fluids into
fault zones can trigger two main types of weakening mechanisms
that operate over different timescales and facilitate the movement of
faults by reducing the shear stress or frictional resistance to
slip. Crustal fluids can be trapped by low-permeability mature
fault zone seals or stratigraphic barriers (Yang et al, 2021).
Doglioni et al. (2014) inferred that crustal fluids flow can be
controlled by the formation of dilated or over-compressed bands
along active fault zones and that tectonic-related fluids anomalies
recorded at surface depend on the tectonic style and the stage of the
seismic cycle (interseismic, pre-seismic, co-seismic, and post-
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seismic). Besides undergoing the influence of tectonic stress
acting in the crust, fluids can play an active role in seismogenic
processes since an increase in fluid pore pressure can induce
seismicity via a decrease in the shear strength of the faults
(Sibson, 1994; Hickman et al, 1995; Miller et al, 2004).
Specifically for Apennine earthquakes, fluid over-pressure is a key
triggering mechanism (Chiodini et al., 2004; Miller et al., 2004;
Antonioli et al., 2005; Collettini et al., 2008; Di Luccio et al., 2022). In
this framework, the area of the ATF represents a natural laboratory
to investigate the relationship between soil CO, flux variations and
tectonic crustal stress. To realise this aim, within TABOO-NFO, we
established a network of four stations to continuously monitor the
soil CO, flux at the sites of CO,-rich gas emissions. In this study, we
described the characteristics of monitoring stations, the criteria, and
the investigations conducted to select the monitoring sites, and
finally, we discussed the data acquired during the first 5 months of
monitoring.

2 General frameworks and rationales

The northern Apennines consist of a complex pattern of thrusts,
folds, and normal faults, which reflect the superposition of several
tectonic phases. The last two phases consist of a compressional phase
during upper Miocene-lower Pleistocene, generating N-NE verging
thrusts and folds, and a Quaternary extensional phase, forming
intermountain basins bounded by NW-SE trending normal faults
and offsetting earlier structures (Barchi et al., 1998; Boncio et al.,
2000; Collettini and Barchi, 2002; Pauselli et al., 2006). The ATF is
found in this region and represents the youngest and eastern
expression of crustal extension in the northern Apennines. It is
located in the inner sector of the Umbria-Marche Apennines, where
an extensional stress field is currently active (Barchi et al., 1998;
Boncio et al., 2000; Collettini and Barchi, 2002; Pauselli et al., 2006).
The ATF is a 60 km long NNW-trending low-angle normal fault
(LANF) dipping toward the ENE (Chiaraluce et al., 2007) (Figure 1).
It has accumulated a minimum time-averaged long-term slip rate of
about 1-3 mm/year in the last two million years without large
historical events unambiguously associated with this fault
(Chiaraluce et al.,, 2007; Mirabella et al, 2011; Latorre et al,
2016). More seismic reflection profiles provided by the CROP03-
NVR data (Crosta Profonda Project Near Vertical Reflection)
showed that in the northern Apennines, the extension is mainly
accommodated by a system of east-dipping LANF with associated
high-angle antithetic structures (Figure 2A) (Pialli et al, 1998).
From a seismological perspective, the ATF is characterised by an
active hanging wall block and an aseismic footwall. In the hanging
wall block, seismic reflection profiles and seismological data showed
that moderately to steeply synthetic and antithetic structures were
present (Chiaraluce et al., 2007; De Luca et al., 2009; Valoroso et al.,
2017). Micro-earthquakes (ML < 2.5) continuously nucleate along
the ATF plane, whereas the higher angle synthetic and antithetic
structures located within the hanging wall block usually generate
seismic sequences led by events of relatively larger (ML < 3.7)
(2020)
systematically investigated the seismicity patterns and concluded

magnitudes (Chiaraluce et al, 2007). Vuan et al

that a source of overpressurised fluids was present in the fault
footwall. This inference matched with those of previous studies on
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FIGURE 1

A Google Earth satellite image of the investigated area is shown
with the Alto Tiberina Fault (ATF), GUF (Gubbio Fault) and the four
monitoring sites at Fungaia, Uppiano, Umbertide, and Nogna.

seismicity patterns characterizing the main seismic sequences that
occurred in this sector of the Apennines that found that fluid
overpressure can promote the generation of prolonged aftershock
sequences (Miller et al., 2004; Antonioli et al., 2005; Collettini et al.,
2008; Chiarabba et al., 2009). The presence of deep-seated CO,
reservoirs along the ATF is confirmed by the data on two deep
boreholes drilled in the area (Figure 2B). Specifically, the S. Donato
borehole placed about 20km NW of the town of Perugia
encountered an overpressure of 99 MPa at depths of 4,700 m and
the Pieve S. Stefano borehole encountered CO, overpressure of
about 67 MPa at depths of 3,700 m (Chiodini and Cioni, 1989). This
area has deep CO,-rich fluids and a complex structural arrangement
of faults (Figure 2C). In this scenario, the fluids along the pathway
that rise to the surface can be entrapped when encountering
stratigraphic or structural seals (Collettini and Barchi, 2002;
Chiodini et al., 2004). In geological traps, the continuous input of
CO, leads to the formation of CO, reservoirs. The gases tend to
escape from the overpressurised reservoirs via low-permeability
zones mainly placed along tectonic discontinuities present in the
upper crust, generating numerous surface manifestations consisting
of cold CO,-rich gas seepages (Minissale et al., 2000; Chiodini et al.,
2000; Rogie et al., 2000; Chiodini et al., 2004; Minissale, 2004;
Italiano et al., 2009; Trippetta et al., 2013). Though, CO,-rich
seepage sites and CO, trapped at depth were placed only on the
western side of the Tiber River (e.g., S. Donato and Pieve Santo
Stefano wells), whereas no CO,-rich seepage sites were found on the
eastern side. Furthermore, in a deep borehole drilled on the eastern
side of the Tiber River, Montecivitello (Figure 2B), no CO, trapped
at depth was encountered (Trippetta et al., 2013). According to
Trippetta et al. (2013) the key parameters driving CO, trapping are:
the distance from the deep CO, source and the structural setting. In
particular, the western side of the Tiber River is closer to the deep
CO,-degassing area outlined by Chiodini et al. (2004). Further, on
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FIGURE 2

(A) Cross-section, based on the CROP03 deep seismic reflection
profile (after Barchi et al., 1998), modified from Trippetta et al. (2013)
and Collettini and Barchi, (2002) and conceptual model of deep CO,
degassing from Chiodini et al. (2004; 2011). (B) Geological sketch

of the study area and (C) geological section showing the depth
geometries of the structures (modified from Trippetta et al. (2013) and
Mirabella et al. (2011).

the western side the formation trapping the CO,, i.e., the Triassic
Evaporites of the Burano Fm.(TE) is placed in the footwall of the
ATF (Figure 2C) and the maximum fault displacement, on the order
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of 10 km is observed (Mirabella et al., 2011). Conversely, on the
eastern side, the TE is located in the hanging wall of both the ATF
and its major antithetic (i.e., Gubbio fault, Figure 2C) (Trippetta
et al., 2013).

The origin of fluids emitted in the seepage sites of the northern
Apennines is a widely debated topic due to the lack of the presence of
unique and consistent isotopic markers. The isotopic composition of
CO, emitted in seepage sites displays a wide range of §"°C values
ranging from 1.5 to —6.1%o (Chiodini et al., 2004; Collettini et al.,
2008), and helium isotopic compositions range from 0.019 R/Ra to
1.5 R/Ra (where R is the *He/*H ratio in the sample and Ra is the air
*He/*H ratio). These values do not correspond to a pure mantellic
marker, but point out also a crustal contribution. Many of the
superficial manifestations linked to fluid emission (seepage sites) are
located along the Tiber Valley, which runs parallel to the east (e.g.,
hanging wall) of the ATF breakaway zone. Thus, both the periodic
monitoring of the variations in chemical and isotopic composition
of fluids emitted from main vents of seepage sites and the high-
frequency acquisition of the soil CO, flux emitted around them, are
important issues that need further investigation. Through the
periodic monitoring of the chemical and isotopic composition of
gases emitted in main vents of seepage sites the origin of the emitted
fluids can be evaluated. Whereas, using contemporaneous high-
frequency (hourly) monitoring of soil CO, flux emitted around the
main vents the acquired data can be compared with high-frequency
geophysical data (e.g., seismic, geodetic) to investigate possible
relationships. Thus, the contemporary record of high-frequency
geophysical and geochemical parameters, along with the periodic
acquisition of more detailed geochemical data in the seismogenic
area, is the key to building conceptual models that can describe the
relationship between fluid emission seismicity patterns and faulting.
These relationships might help to better understand the preparatory
processes of earthquakes, including the identification of seismic
precursors (e.g., transient signals detected almost regularly before
the occurrence of relatively larger seismic events).

3 Seepage sites description and
geochemical features

The seepage sites along the Tiber Valley generally consist of
areas of high fluid discharge with dry vents and muddy water pools
with bubbling gas (Minissale et al., 2000; Chiodini et al., 2004;
Minissale, 2004; Heinicke et al., 2006) (Supplementary Video S1).
The site selection process within the TABOO area starts with the
accurate geochemical characterisation of fluids emitted by the main
vents of seepage sites. It is the fundamental requirement for any
study that aims to investigate the relationships between fluid
variations and crustal stress changes. We selected fluid seepage
sites along the ATF (Figure 1), which we sampled periodically to
collect the emitted fluids for analysing the chemical and isotopic
composition. Among the selected sites, we identified four sites where
the fluids were released not only through the main vents but also via
the surrounding soil. Depending on the superficial geological,
morphological, and lithological features, deep-seated CO, might
be released through the soil near the main vents. We adopted this
strategy because, in case of an increase in fluid pressure at a certain
depth, the disposal of gases can increase not only in the main vents
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but also along the soil. In this framework, monitoring the soil CO,
flux is a valid proxy to detect changes in the rate of fluid emissions.
However, the variations recorded in soil CO, flux must always be
compared to the chemical and isotopic variation of fluids emitted by
the main vents to better frame and understand the ongoing
processes. The four sites are located far from each other and
covered a distance of 50 km, almost covering the whole ATF
(Figure 1). The northernmost site (Fungaia) is located 4 km
southwest of the Pieve Santo Stefano village on the northern
flank of Mt. Fungaia. The anomalous emission area covers a
surface of about 1 km? and the main vent is a muddy pool with
vigorous bubbling gas (Figure 3A; Supplementary Video S1). About
1.5 km westward to Fungaia, a group of CO,-rich vents is located,
known as Caprese Michelangelo (Vaselli et al., 1997; Minissale,
2004). Heinicke et al. (2006) reported anomalous fluid expulsion
triggered by fluid redistribution and induced by local seismic activity
in Caprese Michelangelo. For this area, detailed studies on structural
control on seepage sites distributions pointed out as the main
venting centers are located along a transverse system of steep
faults associated with the Arbia-Val Marecchia Line (AVML)
(Supplementary Figure S1) (Bonini, 2009). In addition, Bicocchi
et al. (2013) suggested that Caprese Antiform acted as the main
structural control on the main fluid reservoir of Caprese
Michelangelo, and steep transverse faults pertaining to AVML
are pathways connecting the Caprese Reservoir with the Mt.
Fungaia gas seepage sites. The second site (Uppiano) is located
north of Citta di Castello near the small town of Uppiano. The site
consists of ferruginous bubbling pools generated by the outpouring
of several springs with different chemical characteristics (Figure 3B)
with a mean water temperature of 22°C. The third site (Umbertide)
is located near the town of Umbertide. Unlike the other two sites,
this is a man-made manifestation, indeed the seepage site was
created during drilling for hydrocarbon exploration up to a depth
of about 4,800 m. The site includes a semi-circular depression about
6 m deep and 15 m in diameter. A muddy water pool with vigorous
bubbling gases is found at the bottom of the depression (Figure 3C).
The water temperature is around 13°C, and the venting gas had a
flow rate of about 16 t d™' (Rogie et al., 2000). The last site (Nogna) is
located 10 km northeast of Gubbio and consists of an artesian well
with bubbling gases.

The chemical and isotopic composition of the collected gases is
reported in Table 1. Carbon dioxide was the main component in the
three sites (Table 1), whereas methane dominated the emission in
Nogna. The sites in Fungaia and Umbertide had a similar chemical
composition with the highest CO, concentration (>90%) and very
low concentrations of CH, (<0.3%), N, (5%), and He (<40 ppm).
Uppiano had a slightly lower CO, concentration (82%) along with
higher concentrations of CH, (5%), N, (21%), and He (>300 ppm).
Enrichment in less soluble gases relative to CO, was partially due to
the scrubbing processes during the rise of fluids toward the surface.
The emission of fluids in Uppiano was characterised by a
significantly lower emission rate relative to that in Fungaia and
Umbertide. A lower emission rate allows wider water-gas
interactions, which promotes the scrubbing of more soluble
gases. However, the carbon isotopic composition of CO, in the
three sites was slightly variable and had a §°C range between —3.4%o
and —4.8%o. Similarly, the helium isotopic composition had a
narrow range of 0.026-0.019 R/Ra. Finally, in Nogna, the CH,4
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FIGURE 3

The main vents of three high CO, discharging sites are: (A) Fungaia; (B) Uppiano; (C) Umbertide. The stations were located around the main vents.

TABLE 1 Chemical and isotopic composition of bubbling gases emitted in the selected sites. CO,, CH;, N, and O, concentrations expressed in vol%,: He, Ne, Ar in
ppm. Carbon isotope ratios (§'3C-CO,) are expressed as %o units vs. V-PDB. All the measured *He/*He ratios are expressed as Rc/Ra units and normalized to the
atmospheric ratio [Ra= 1.38 10°° (Ozima and Podosek, 2002)]. Rc/Ra is the R/Ra value corrected for air component.

§'3C-CO, Rc/Ra

Fungaia 19/07/2017 94.1 0.2 5.0 0.03 33 0.054 28.6 -4.8 0.026

Umbertide 19/07/2017 91.0 0.2 7.0 0.7 40 0.050 34.6 -3.8 0.022
Uppiano 19/07/2017 82.4 4.4 20.9 0.05 336 0.183 208.8 -34 0.019
Nogna 18/07/2017 0.5 93.4 7.2 0.02 63 0.389 760.1 -12.1 0.013

concentration was >90%, and the CO, concentration and §°C
values were the lowest (0.5% and —12.1%o, respectively). The R/
Ra value of Nogna, although slightly lower, was similar to that of
other sites (R/Ra =0.013). The chemical and isotopic composition of
bubbling gases supported the deep origin of fluids emitted in the
selected sites. Additionally, the low O, concentrations and the high
“He/*°Ne ratios in all the analysed gas samples indicated that these
gases had low air contamination.

4 Methods
4.1 The stations
The monitoring stations (Figure 4A) were designed and

developed by the INGV staff following the methodology
proposed by Camarda et al. (2016). Each station (Figure 4B) had
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a data logger with an on-board programmable real-time clock, an
electronic circuit board for signal and power supply input (input
module), a GSM modem for telemetry, a CO, Infrared Gas Analyser
(IRGA; NG Gascard, manufactured by Edinburgh Gas Sensors,
accuracy 2% full scale 0%-10% vol. or 0%-100% vol., depending
on the site), and a pneumatic module consisting of a pump, an
electrovalve, and a fluxmeter. The power supply was provided by a
solar panel, a charge controller, and a battery. The stations acquired
hourly data on the soil CO, flux and main environmental
parameters and transmitted the recorded data to the INGV
acquisition centre daily.

4.2 Soil CO, flux measurement

The soil CO, flux was measured by using the dynamic
concentration method (Camarda et al., 2006). Using this method,
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FIGURE 4

pneumatic

GSM datalo’gger module

IRGA

input
module

charge
controller

Monitoring station. (A) The arrangement of the monitoring station: the orange tube is the upper part of the soil CO, measurement probe, and the
lower part of the probe was inserted 50 cm into the soil. The green case had a watertight box carrying the electronic devices and the battery. The weather
sensors and solar panels were installed on top of the steel pool. (B) The details of the inner part of the station with the layout of the main components.

the CO, concentration was measured in a mixture of air and soil gas
generated in a specially designed probe, which was inserted 50 cm
below the soil surface. The gas mixture was obtained by producing a
very small negative pressure in the probe using a pump at constant
flux. The concentration of CO, in the mixture was determined by
using the IRGA. After keeping the pump on for a certain time
(generally less than 1 min), the gas mixture reached a constant CO,
concentration, known as the dynamic concentration, which is
proportional to the soil CO, flux. The relationship used to
calculate the CO, flux from dynamic concentration values was
determined in the laboratory by measuring the dynamic
concentration several times in a soil layer that had known and
constant values of CO, flux (Camarda et al., 2006). Four soil samples
with air permeability ranging from 0.36 to 123 pum® were examined;
such a wide range adequately represented the range of permeability
values normally found in the soil.

4.3 Environmental parameters

The emission of gases from the soil is strongly influenced by
environmental parameters, such as atmospheric pressure, air
temperature, and precipitation (Granieri et al, 2003; Viveiros
et al., 2009; De Gregorio et al., 2013; Laiolo et al., 2016; Camarda
et al,, 2019). These factors can directly modulate the CO, emission
generating forced flux and also modulate indirectly by inducing
changes in the physical characteristics of the soil such as diffusion
coefficient, permeability, and soil volumetric water content (VWC).
Information on these parameters is hence required to adequately
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filter the signal of soil CO, flux. Thus, the soil CO, flux stations were
equipped with sensors for measuring the atmospheric parameters
and soil characteristics. Weather sensors were placed at the top of a
steel pool close to the station to measure the air temperature,
atmospheric pressure, and precipitation (Figure 4A). To directly
measure soil proprieties, a sensor for measuring the soil VWC was
inserted 50 cm below the soil surface.

4.4 Soil gas sampling and isotope
measurements

Soil gases were sampled at a depth of 50 cm using a Teflon tube
(5 mm in diameter) connected to a syringe. Then, the gas was stored
in glass flasks equipped with vacuum stopcocks. The isotopic
composition of carbon in the collected CO, was measured using
a Finnigan Mat Delta Plus Mass Spectrometer. The isotopic values
were expressed as "°C in per mill relative to the Vienna Pee Dee
Belemnite (V-PDB) standard; the uncertainty was 0.2%o.

4.5 Feature checks

Whether each monitoring station was working properly was
checked by analysing daily data; any errors were noted to arrange
maintenance interventions in advance. Field maintenance
campaigns were periodically performed to repair the detected
to verify the

functionality of all the pneumatic components and the IRGA. To

faults. Maintenance included specific tests
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test whether the IRGA was working properly, an independent
measurement of the soil CO, flux was performed each time using
a portable IRGA. Then, the value of CO, flux was compared with the
flux value acquired by the station.

5 Selection of soil CO, monitoring sites

In the selected seepage sites, CO, was released not only through
the main vents but also via the surrounding soil. The selection of the
soil CO, flux monitoring site is important for recording variations
linked to changes in the crustal stress and the associated
deformations. A basic requirement is that the site must receive a
deep supply of CO,. Generally, in the soil, CO, is produced by
superficial organic processes, such as microbial decomposition of
soil organic matter and root respiration. A deep supply of CO, is
recorded in soils located in areas undergoing tectonic and volcanic
activity (Burton et al., 2013; Camarda et al., 2019; Di Martino et al.,
2020). Deep-origin CO, can derive directly from the mantle, by the
exsolution from a magmatic rising body, via the decarbonation of
crustal limestone and from deep-seated sediments rich in organic
matter (Chiodini et al., 2004; Lee et al., 2016; Camarda et al., 2020).
The deep-origin gases, such as CO, and He, migrate to the surface
preferentially through faults and high permeability zones (McCaig,
1989; Rowland and Sibson, 2004; Caracausi et al., 2013; Cui et al,,
2019; Yang et al, 2021). Thus, they are particularly sensitive to
crustal stress changes and also to processes acting within the crust, in
general.

The soil CO, flux values ascribable to the CO, of organic origin
are known, and several studies reported values, ranging from 0.2 to
21gm™ d!, for various ecosystems (Raich and Schlesinger, 1992;
Raich and Tufekcioglu, 2000). Hence, to detect a deep supply
component, it is usually used a threshold value that exceeded the
value generally recorded in various ecosystems, ie., 21 g m™> d™'
(Raich and Schlesinger, 1992; Raich and Tufekcioglu, 2000).

In certain situations, however, sites with typical CO, values of
biogenic origin might also receive a deep CO, supply during the
anomalous release of fluid linked to crustal transients (Camarda
et al,, 2019). Hence, these sites are the most sensitive ones for
recording deep-origin soil CO, flux variations. However, these sites
are quite difficult to identify because the process requires conducting
several soil CO, surveys over time, and at least one survey must be
performed during an anomaly emission (Camarda et al, 2019).
However, since such data were unavailable for the selected areas, we
started selecting sites by identifying those with soil CO, flux values
above the organic origin threshold. For selecting the monitoring site,
besides a minimum threshold value, it is important to be careful with
very high values of soil CO, flux. A high value of the soil CO, flux
implies a stronger influence of atmospheric and soil parameters (e.g.,
permeability and VWC) (De Gregorio et al., 2013; Camarda et al.,
2019). Therefore, in sites with high soil CO, flux, temporal records
showed large variations associated with environmental parameters.
However, although such variations can be removed through a
careful data filtering process, the variation linked to the crustal
transient can be easily masked and, therefore, might be more
difficult to detect. Thus, regarding the usage of soil CO, flux
values for selecting the best monitoring site, we followed the
saying “medio stat virtus” since, as explained above, the more
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FIGURE 5

A Google Earth satellite image of the site at Uppiano. The location

in which the measurements were performed to select the monitoring
site with the relative soil CO; flux values (circles); “St” indicates the site
selected for installing the monitoring station. The location of the
main vent is shown by the star.

suitable values of soil CO, flux should neither be too high nor
too low.

Another marker for detecting deep CO, supply is the isotopic
composition of the carbon in soil CO,. The CO, of different origins
have a well-defined isotopic signature: CO, of atmospheric origin
has values of §"*C (CO,) of —8%o (Di Martino and Capasso, 2021);
CO, of organic origin has values of §"*C (CO,) in the range of —30%o
to —24%o (Hoefs, 1980; O’Leary, 1988); CO, of deep origin derived
directly from the mantle or by the exsolution from the rising
magmatic body generally have values between —4%o and —8%o
(Pineau and Javoy, 1983; Javoy et al., 1986; Taylor, 1986).
However, for volcanoes in the Mediterranean region, fewer
negative values were reported (Chiodini et al, 2011). CO,
generated via the decarbonation of crustal limestone has the
same value as that of the carbonatic basement, and hence, is
around or above 0%o.

Another key requirement for the monitoring site is a
morphological position, avoiding stagnation or a massive flux of
water. While measuring the soil CO, flux, water might be aspired by
a pump and might enter the IRGA, permanently damaging the
measuring system.

Based on the above-mentioned considerations, a fundamental
step in site selection has to include at least one soil CO, flux survey in
the surrounding location of the main emission vent coupled with
isotopic determinations. Accordingly, we conducted several
measurements of soil CO, flux and isotopic determinations in
the surrounding area of each manifestation. The maps with the
placements of soil CO, flux measurements, the main vents, and the
monitoring stations are shown in Figures 5-7. In every site, the
measurement points were asymmetrically distributed relative to the
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FIGURE 6

A Google Earth satellite image of the site at Fungaia. The location

in which the measurements were performed to select the monitoring
site with the relative soil CO; flux values (circles); “St” indicates the site
selected for installing the monitoring station. The location of the
main vent is shown by the star.

main vents, covering only one side most of the time. We were forced
to operate in this way because not all areas around the main vents
were accessible for technical and practical reasons.

In Uppiano (Figure 5), we performed 28 measurements over an
area of about 1 km®. The soil CO, flux varied from 5to 570 gm>d ™.
The sites with the highest values (red dots in Figure 5) were placed
closer to the main flow line, i.e., the preferential drainage area of the
water. As discussed above, an area with such features is unsuitable
for continuous monitoring purposes. Hence, we selected a site with a
lower soil CO, flux value, but above the selected organic threshold
value (21 g m > d "), located at the highest position. We selected the
site for the suitability of its position and because it was the nearest to
the highest emission zone. The §"C value of the carbon of CO,
measured in the selected site was —2.5%o, which indicated a
prevalent deep intake of CO,.

In Fungaia, we performed 18 measurements over an area of
about 600 m? (Figure 6) with values between 5 and 4,300 g m™ d™".
The site with higher flux also had an optimal morphology position
since it was located on the apical part of the impluvium, which
ensured good drainage of the measuring site (Figure 6). In addition,
the selected site is located in a zone away from the treetops, this last
feature ensured optimal exposure of the solar panel and efficient
recharge of the battery. The value of §"°C was —6.3%o, indicating that
this site also had a high deep CO, component. In Umbertide, the
main vent was placed in a wide almost semi-circular depression.
Thus, we decided to perform the measurements outside it. The soil
CO, flux values recorded here were lower than those recorded in
Fungaia and Uppiano, and they varied between 20 and 180 gm=>d™".
The highest emission points were located 50 m northwest of the
main vent (Figure 7). We selected the site closest to the forest border
because, among other reasons, it offered the best sun exposure
conditions for the solar panel. For this site, we obtained a §"°C CO,
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FIGURE 7

A Google Earth satellite image of the site at Umbertide. The
location in which the measurements were performed to select the
monitoring site with the relative soil CO, flux values (circles); “St”
indicates the site selected for installing the monitoring station.
The location of the main vent is shown by the star.

o L L 43.80°
Legend
A Seismic
" A A | ¥ seismic (borehole)
O (Q W GNsS
2 @Fungaia @ | ® Radon
4 m A @ o2 stations I 43.60°
@ A x @ DeepBoreholes
N A Gop @ Comerreflectors
® @ A - GUF
A [~ —— ATF
Uppiano ‘Q L a
PieEal@ga @
Nogna A
g ° m I 43.40°
L)
B B abriano
1 Umbertide 4
A
) Gualdo Tadino
4 B a [ 43.20°
Trasimeno
o p— A Al
0ki 20 ki
— - T . T 43.00°
12.00° 12.50° 13.00°
FIGURE 8

The TABOO network stations.

value equal to —14.4%o. This value was between those of deep-origin
CO, (ranging from 1.5%o to —6%o) for the area (Chiodini et al., 2004)
and those of organic origin CO, (-24%o), which reflected a mix
between these two-end members. Thus, we inferred that this site
might be suitable for recording variations in deep CO, supply.
Finally, in Nogna, we performed a few measurements near the
well. The soil CO, flux values were between 10 and 280 g m™> d .
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FIGURE 9

Daily running average time series of the air temperature,
atmospheric pressure, VWC, precipitation, and soil CO, flux acquired
at Uppiano.

We selected a point with a soil CO, flux of 200 g m™ d™' located
between the monitoring station and the well. For this site, we
obtained the lowest value of §°C CO, equal to —20%o. The deep
CO, supply at this site was lower than that in other sites because the
main component of the bubbling gas in the well water at this site was
methane.

6 Results and discussion

After identifying the most suitable sites, we installed the stations;
the stations at Fungaia and Uppiano were installed in June 2015, the
station at Umbertide was installed in November 2015, and finally,
the station at Nogna was installed in October 2016. As shown in
Figure 8, the four soil CO, flux monitoring stations were well-
integrated within the NFO-TABOO infrastructure.

A preparatory step for investigating the relationship between the
soil CO, flux and tectonic stress was to identify all the processes
related to the exogenous factors that affected the emission of soil
CO,. The primary exogenous factors that can influence soil CO,
emissions were found to be environmental parameters, such as air
temperature, atmospheric pressure, VWC, and precipitation
(Granieri et al., 2003; Viveiros et al., 2008; Camarda et al., 2019).
Besides directly modulating the soil CO,, these parameters can also
2019). Thus, for

CO,
atmospheric parameters we compared the time series of the soil

change the soil properties (Camarda et al,
investigating the relationship between soil flux and
CO, flux with the time series of the air temperature, atmospheric
pressure, VWG, and precipitation. To minimise the stress-induced
perturbations in the signals of the soil CO, flux, whenever possible,
we used the data preceding the earthquake (ML = 6.0) that occurred
on 24 August 2016, which affected a large part of the central
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Daily running average time series of the air temperature,
atmospheric pressure, VWC, precipitation, and soil CO, flux acquired

at Fungaia.
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Daily running average time series of the air temperature,
atmospheric pressure, VWC, precipitation, and soil CO, flux acquired
at Umbertide.

Apennine. For consistency, we used the same time length of
5months for all sites. The daily running average of air
temperature, atmospheric pressure, the VWC, precipitation, and
the soil CO, flux at Fungaia, Uppiano, and Umbertide are reported
in Figures 9-11. The data from Nogna was not considered because

the station was installed after August 2016.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1172643

Caracausi et al. 10.3389/feart.2023.1172643

TABLE 2 Basic statistical parameters for Uppiano, Fungaia e Umbartide sites.

Mean soil CO, flux (g m=2 d™") Standard deviation (g m™2 d™")  Coefficientof Min.(g Max. (g m2d™)

variation (%) m2d™)

Uppiano 2,800 1,500 54 36 4,793
Fungaia 690 300 43 186 ‘ 2,333
Umbertide 370 48 13 258 ‘ 508

The soil CO, flux series are characterised by mean values thatare ~ environmental parameters. The frequency analysis was performed
different, ranging from 370 g m~ d™' at Umbertide to 2,800 g m™ by using the Fast Fourier Transform (FFT) method that transforms a
d' at Uppiano (Table 2). At each site, the soil CO, flux showed a  function of time into a function of frequency. The results of FFT
highly uneven trend with different coefficients of variation (CV).  analysis of air temperature, atmospheric pressure, and VWC are
The CV is obtained from the ratio of the standard deviation to the  very similar (Figure 12) displaying dominant peaks at the diurnal
average and shows the extent of variability concerning the mean of  frequency and smaller peaks at the semidiurnal frequency. The FFT
the population. They varied from the lowest value of 13% at  of soil CO, flux gives a very similar picture to that shown by
Umbertide to the highest value of 54% at Uppiano. The CV was  atmospheric parameters and VWC. The similarity demonstrates
positively correlated with the mean soil CO, flux, which suggested  that the soil CO, flux is strongly influenced by external parameters
that over 5 months of observation, the variability in soil CO, flux  on the short time scale. The high-frequency oscillations are clearly
was mainly induced by environmental parameters, given that the  visible in hourly data signals, for example, in Supplementary Figure
higher the flux, the heavier the influence of environmental  S2 we reported the first period of monitoring at Fungaia site, with
parameters, and hence, the greater the variability. hourly data recording and daily running average.

Regarding environmental parameters, the air temperature To investigate the mid time scale correlations, we applied, to
changed with the seasonal cycle, with a maximum value of 28°C  daily running average signals, the multiple regression analyses
recorded in late July 2015 at Fungaia and a minimum value of -2°C ~ (MRA). The MRA is a statistical tool for the investigation of the
recorded in mid-January at Umbertide. The time-dependent relationships between two or more variables. In this analysis the
evolution of VWC was more variable because it was influenced  values of one parameter are compared with one or more parameters
by air temperature and precipitation. The VWC decreases when by means of scatter plots. The degree of correlation between
depletion caused by evapotranspiration losses exceeds input from  parameters is obtained by the value of the correlation coefficient
precipitation. The VWC dynamic depends on soil moisture  (R) of best-fitting straight lines.
conditions: under dry soil conditions, precipitation sharply We performed the MRA among the datasets of the soil CO, flux, the
increases the VWC, whereas under wet soil conditions, only  air temperature, the atmospheric pressure, and the VWG, the results are
small fluctuations are recorded in response to the precipitation. reported in Table 3. For the air temperature and the atmospheric

At Uppiano (Figure 9), during the first 2 months of monitoring,  pressure series, to avoid perturbations induced by rainy events, we
the values were low, with a mean value of 1,000 g m™d™". In early =~ performed the MRA without considering rainy periods. In the sites,
August, the soil CO, flux increased and reached an average value of ~ Umbertide and Uppiano, the air temperature exerts a moderate
4,000 g m>d" and remained around this value until the end of  influence with positive R values of 0.41 and 0.37, respectively. The
November 2015. positive correlation between soil CO, flux is a behavior commonly

At Fungaia (Figure 10), the average value of soil CO, flux  observed in other environments, such as geothermal and volcanic areas
showed narrow long-term variability, but in the short-term, the  (eg., Viveiros et al, 2008). Indeed, the variation of the air temperature
signal displayed wide and frequent oscillations, especially from  can modify the parameters affecting the gas transport through the soils
August to September 2015. In this last period, particularly  (e.g, bulk diffusion coefficient). Then a moderate negative correlation

intense precipitation was recorded. was observed with the atmospheric pressure in the sites Umbertide and
At Umbertide (Figure 11), the soil CO, flux mean value was  Fungaia, with R values of —0.41 and —0.34, respectively. The atmospheric
slightly variable and remained around a mean value of 350 gm™d™".  pressure changes induce the subsurface motion of gases in porous media

From late December 2015 until the middle of January 2016, the soil ~ and specifically concern transport by advection driven by a pressure
CO, flux decreased to about 250 g m>d™'. Then, the values  gradient. The phenomenon is reported in the literature as “barometric
increased, with episodes of small and brief decreases, reaching  pumping” (Auer et al,, 1996) and was described particularly for soil CO,
the maximum value at the end of March 2016. Even in this case,  emissions on the Island of Vulcano (Camarda et al., 2019). In detail, a
the period of higher variability coincided with the main rainy events.  decrease in atmospheric pressure enhances the pressure gradient
To more comprehensively evaluate the relationship between the ~ between the gas source and the atmospheric one, leading to an
soil CO, flux and the environmental and soil parameters, we applied  increase in the soil CO, flux; as a result a negative correlation is
two different approaches: frequency analyses and multivariate  observed. Lastly, the VWC has a slight negative influence on the soil
regression analyses (MRA). We used frequency analysis to  CO, emissions, with R absolute values lower than 0.3.
identify correlation on a short time scale by searching equivalent Over the period under consideration, the results show the soil CO,
high-frequency signals among the data series of CO, flux and  flux was primarily influenced by environmental parameters, especially
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TABLE 3 Correlation Matrix between soil CO, flux and environmental
parameters.

Site R?(CO; flux/T)  R*(CO; flux/Paim) R(CO,
flux/VWC)
Uppiano 037 -0.26 -0.22
Fungaia ‘ -0.03 ‘ -0.34 -0.25
Umbertide 041 -0.41 0.04

“Correlation coefficients computed without rainy periods.

on the short time scale. On the mid time scale, only air temperature and
atmospheric pressure displayed moderate influences in some sites.
Overall, the soil CO, flux values are differently affected by the
environmental parameters in each site concerning the peculiar
characteristics of each. However, is noteworthy that, the soil CO,
flux values, albeit with fluctuations, remain well above the typical
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values for organic-derived CO, (21g m™d™), indicating a regular
supply of deep-origin CO, for the selected sites.

These findings are promising for future studies on the possible

links between soil CO, flux and stress and seismic rate variations.

The data acquired by the four stations are available in the Data

Portal of the European Plate Observing System (EPOS) at the
following web address: http://fridge.ingv.it/nfoineurope.php, along

with the data from six European NFOs.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: Data are available inside on EPOS
Data Portal—the European Plate Observing System at the following
web address: http://fridge.ingv.it/nfoineurope.php.
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