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Abstract: The La Fossa volcano is near the inhabited zone of the island of Vulcano and is a suitable
case for studying gas sources of different geological origins. Since the last eruption, fumarolic-
solfataric activity has interested this area with fumarolic emissions, mainly at the top of the volcanic
cone and at Vulcano Porto. In recent decades, the anomalous degassing zones on the island have not
significantly changed their location. On the contrary, there have been several significant changes in
the emission rate due to the addition of volcanic gas. In these zones, CO; flux from the ground is
responsible for a decrease in the indoor air quality. A recent increase in volcanic degassing led to
an increase in the gas hazard in the inhabited area of Vulcano Island, and people were temporarily
displaced from Vulcano Porto. The results of this study show that a monitoring system can be used
for the early detection of transients in soil CO; flux (¢CO;) in the anomalous degassing zone of
Vulcano. Synchronous monitoring of ¢CO, and outdoor air CO, concentration has shown variations
in volcanic degassing that affect outdoor air CO, concentration in the populated zone of Faraglione.

Keywords: soil CO; flux; volcano monitoring; volcanic unrest; gas hazard; air CO, concentration;
volcanic hazard

1. Introduction

Volcanoes affect the environment by ejecting lava and releasing gas into the atmo-
sphere. CO, is the most important magmatic gas after H,O vapor [1], and emissions of
these components can increase during eruptive and pre-eruptive phases. In recent years,
quantification of volcanic CO, in the atmosphere has provided crucial insights into the
influence of volcanoes on global CO, emissions [2,3]. Gas emissions from active volca-
noes have attracted attention because of their importance in modeling and predicting
the evolution of global warming [3-5] and their application in tracking the evolution of
volcanic activity. However, there have been fewer attempts to estimate the degassing of
dormant volcanoes and its impact on atmospheric CO; levels [6-11]. In particular, the
diffuse degassing of CO, has been used to track either the evolution of eruptive activity
at open conduit volcanoes [12-16] or the resumption of volcanic degassing at dormant
volcanoes [17-26] because diffuse degassing increases during periods of volcanic unrest,
similar to an increase in degassing from volcanic crater plumes [27].

A better estimate of the amount of CO; released by diffuse degassing is important
not only for volcano monitoring, but also for quantifying gas hazards, since CO, can reach
high concentrations in weakly or poorly ventilated areas [28-34]. The accumulation of
CO, presents potential hazards for humans, animals, and ecosystems at the local scale,
while also having the capacity to influence global climate patterns. Gas hazards arise from
the toxic and/or asphyxiating nature of gas species, considering their concentration and
dispersion in the atmosphere [35]. This subject is of particular significance due to incidents
documented in volcanic regions [36—41]. Volcanic sulfur gases (i.e., SO, and HjS), upon
inhalation, can lead to sudden discomfort such as throat irritation and itching in humans,

Geosciences 2023, 13, 266. https:/ /doi.org/10.3390/ geosciences13090266

https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences13090266
https://doi.org/10.3390/geosciences13090266
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0003-4085-0440
https://orcid.org/0000-0001-6435-2759
https://doi.org/10.3390/geosciences13090266
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences13090266?type=check_update&version=2

Geosciences 2023, 13, 266

2 of 28

even in small quantities. These gases are readily detectable in the atmosphere owing to
their pungent odors. However, the principal contributor to the gas hazard is CO,, which
lacks any distinctive odor. Elevated levels of CO; in the air (e.g., >5000 ppm vol, in line
with [42]) can induce headaches; more severe outcomes, including asphyxiation in extreme
instances, are contingent upon the absolute concentration and duration of exposure [43,44].
The gas hazard occurs when CO; is released from soil emissions in the outdoor air or
in enclosed spaces such as bedrooms, bathrooms, and house basements. In general, this
problem can be addressed in two different ways. The first and most obvious way consists
of preventing people from entering areas subject to this hazard, regardless of the possible
evolution of CO; levels in the air. A more sophisticated way to address this problem
is through various measures aimed at raising awareness of the gas hazard and sharing
information and responsibilities among people living in the hazardous zones, civil defense
authorities, and scientists. These actions include informing the public about the extent of
the gas hazard and the spatial and temporal changes in gas emissions, as well as timely
civil defense actions tailored to each situation. Understanding local diffuse degassing
trends can help researchers form a better understanding of how volcanic emissions affect
both outdoor and indoor air CO, concentrations. Studying diffuse degassing can also
provide new insights for developing effective warning systems. The complex problem of
controlling the gas hazard with appropriate measures may be exacerbated by the lack of an
effective monitoring network. Since late September 2021, volcanic outgassing on the island
of Vulcano has increased rapidly [45-50], prompting civil defense authorities to warn the
public and intensify monitoring efforts.

The objective of this study is to investigate recent changes in volcanic CO, emissions
and gas hazards on Vulcano. An appropriate monitoring network for soil CO;, flux (¢CO,)
and outdoor air CO, concentrations was established in the high-risk zone of the island (i.e.,
Faraglione) because of the large number of people living in this area, especially during
the summer months. In spite of the concept of risk [51], this paper focuses on the notion
of gas hazard. Gas hazard pertains to the likelihood that gas emissions, specifically CO,,
within a studied area attain elevated concentrations that pose a threat to human safety.
An analysis of data shows that the mitigation of gas hazards includes several measures
in the populated zones of Vulcano Porto, including the continuous monitoring of diffuse
degassing [35]. The measurement of ¢CO, and outdoor air CO, concentrations are both
useful measures that can suggest the most useful gas hazard mitigation actions. However,
comprehensive risk management should lead people living in these areas to (i) become
more aware of the hazards to which they are exposed, and (ii) self-assess the extent of the
hazard and the mitigation measures to be taken.

2. Study Area

The Aeolian Archipelago comprises seven volcanic islands in the southeastern part of
the Tyrrhenian Sea (Figure 1). The extinct volcanic systems are located on the islands of
Alicudi, Filicudi, and Salina, which are lined up E-W along the northern coast of Sicily.

Currently, active volcanism is concentrated in the eastern sector of the Aeolian arc
at NE-SW, where Stromboli shows persistent explosions of medium intensity and the
island of Panarea shows active submarine degassing. The islands of Vulcano, Lipari, and
Salina form a volcanic belt aligned along NNW-SSE, consistent with the direction of the
Tindari-Letojanni strike-slip fault (TLFS) [52-62].

On the island of Vulcano, the solfataric activity started after the 1888-1890 eruption
of La Fossa volcano. Volcanic degassing occurs through fumaroles at the crater rim of
La Fossa [63], at Faraglione, and at Levante beach (Figure 1c). Surface manifestations of
the upward migration of volcanic fluids (i.e., thermal groundwater, Vasca pool, sulfur
deposits, gas emissions from the seafloor, steaming grounds, and CO, emissions from
the ground) occur near the inhabited zone of Vulcano Porto [45,64—68]. According to
recent studies [18,19,33,45,63,64,67-71], the diffuse degassing of CO, at Vulcano Porto
shows two anomalous degassing zones at Palizzi and Faraglione areas (Figure 1b). These
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studies identified the anomalous soil CO, degassing zones through statistical-graphical
analysis [72] that has provided a threshold value of ¢CO; =117 g m~2d1[24,26,45,66]
for measurements performed on the above-described sampling grid. The volcanic origin
of the soil CO, was demonstrated through the carbon isotope composition of the soil
CO, [24,26,45,66,71,73,74].
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Figure 1. (a) The Aeolian Island arc and the island of Sicily, Italy. The Tindari—Letojanni fault
system (TLFS) is shown; (b) the study area on the island of Vulcano. The yellow-dashed area
shows the 2.2 km? zone selected to monitor the soil CO, flux for volcano surveillance purposes in
the La Fossa Caldera. The red areas show the main anomalous degassing zones: Faraglione and
Palizzi [18,19,33,45,63,64,67-71]. The blue rectangle shows the study area at Vulcano Porto. (c) The
study area at Vulcano Porto. Three of the four automated monitoring stations (orange triangles) are
situated near the anomalous degassing zone of Faraglione. The fourth station is used as a reference
for both background outdoor air CO, concentration and soil CO, flux. Blue circles show the sites for
indoor air CO, concentration survey.
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A comparison of the land use at Vulcano Porto showed that several accommodation
buildings and facilities are in the zone of Faraglione, whereas Palizzi lies on the south side
of the volcanic cone and is not habited by residents or visitors. Therefore, the surveys for
the detailed investigation of the gas hazard in the inhabited zone of Vulcano Porto focused
on the Faraglione area.

The large variation in the number of inhabitants of Vulcano during the autumn and
winter seasons (i.e., less than a thousand) compared to the spring and summer months
(i.e., more than 10,000 visitors per day), determines a very different volcanic risk during
the year, even in case of stable volcanic conditions. Among other factors, gas hazard varies
chiefly with CO, emissions, and the continuous monitoring of ¢CO,; plays a key role in
assessing gas hazard variations in risk zones. These zones can be identified by spatial soil
gas surveys. On Vulcano, the monitoring of ¢CO, has been carried out on a sampling
grid with 53 sampling sites covering an area of 2.2 km? (Figure 1b) between the Istmo
area, Mount Lentia, Palizzi, and the western side of the La Fossa caldera [21,67,70]. These
measurements began in 1984 [17,18,21,68] and the geometry of the grid has not changed over
time. The ¢CO, measurements have been made monthly for volcano monitoring purposes
since 1984 [18,19,21,33,45,63,64,67-71]. Several studies show that anomalous CO, emissions
from the ground occur mainly in the Palizzi and Faraglione areas [18,19,45,63,64,67-71,73,74]
and at the base of the La Fossa cone (Figure 1). In the inhabited zones of Vulcano Porto, the
monitoring of indoor CO, concentration allows an assessment of the potential hazard posed
by the diffuse degassing of CO, [65,67,75-77]. Indoor CO; concentration measurements were
carried out in the Faraglione zone, since the inhabited zone of Vulcano Porto is located in the
zone of the islands where volcanic degassing is most evident at the surface.

3. Materials and Methods
3.1. Investigation Strategies

Activities to implement a gas hazard monitoring system at Volcano Porto required
(i) identification of anomalous outgassing areas; (ii) verification of the effects of volcanic
emissions on air CO, concentrations outdoor; and (iii) monitoring of short-term variations
in both soil CO; flux (¢CO,) and outdoor air CO, concentrations.

To identify areas of anomalous soil CO, emissions and their temporal variability,
numerous measurements have been made since 1988 to quantify CO, degassing from
the soil over a fixed grid of 53 measurement points [17,21,24,66,67,70,73,74]. In May 2019
and March 2020, a second grid was used to obtain more detailed information on diffuse
degassing in the area between Porto di Ponente, Lentia, and Camping Sicilia towards the
central part of the La Fossa caldera (Figure 1b). This grid consisted of 80 measurement
points distributed almost uniformly over an area of 1.2 Km?.

3.2. Soil CO, Flux Measurements (pCO5)

The @CO, measurements were performed by the dynamic concentration method [68,70].
This method has been implemented in the field using a special designed sampling probe,
which is inserted in the soil up to a depth of 50 cm. The bottom of the probe is open to the soil
gases, while the top side is open to the atmosphere. A pumping unit collected the mixture of
soil gases and air which forms inside the probe and sends it to an IRGA spectrophotometer
(Models: RI—550 A, Gascard—Edinburg Gas Sensors IR spectrophotometer, with accuracy
2% full scale; range 0-10%vol and range 0-3000 ppm vol for indoor air CO, concentration
measurements). After a few minutes of pumping at a constant flux rate (0.8 L min~!), the
CO; concentration in the gas mixture achieves a constant value (i.e., the so-called “dynamic
concentration”), which is proportional to the ¢CO,. The experimental relationship between
©CO, (gm2d~!) and dynamic concentration (i.e., Cd expressed as ppm vol) was established
in the laboratory by simulating the soil degassing under controlled conditions of CO; flux,
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soil permeability, pump flux rate, and depth of probe insertion in the soil. The CO, flux was
calculated by using the following equation [70]:

©CO,p = (32 — 5.8 x K¥%*) x Cd + 6.3 x k"¢ x Cd® (1)

where Cd is the dynamic concentration of CO; and k (um?) is the soil gas permeability
measured in the field [71,73]. This equation is useful when the pumping flux is equal to
0.8 L min~! and the probe is inserted in the soil at a depth of 50 cm.

Implementing an effective monitoring system for gas hazard in volcanic zones involves
monitoring ¢CO, and the outdoor air CO, concentration. At Faraglione, an innovative
monitoring network was deployed for a continuous survey of these parameters. The
architecture of this network includes four monitoring stations for measuring ¢CO, and the
outdoor CO, concentration at two heights above the ground, and a server to host the data
collected in the field. This network also includes a weather station with several sensors
(i.e., air temperature, atmospheric pressure, wind speed and direction, rain gauge, and
air humidity) to evaluate the effects of the weather on the gas hazard. All remote stations
are equipped with sensors for measuring air temperature (T), atmospheric pressure (P),
relative humidity (Rh), and the CO, concentration (Gascard—Edinburg Gas Sensors IR
spectrophotometer, with accuracy 2% full scale; range 0-10 vol%). A solar panel, a charger
regulator, and a lead battery (12 V; 100 A) generally obtain the power supply for each
monitoring station; in one case (carapezza station), the electric network was used.

The control unit of the monitoring system is the GASNET datalogger, based on pro-
cessor Atmel SAMD?21, 32-bit ARM Cortex® MO0, and implements both the measurements
and the delivering of data to the observatory. The datalogger was designed and fully
developed at the laboratories of Istituto Nazionale di Geofisica e Vulcanologia. It allows
multiple sensor connections and is fully programmable (channel configuration, scheduling
the acquisition, number of measurements and some other settings). Each remote station is
able to measure: (a) the soil CO, flux measurements in agreement with the above-described
dynamic concentration method; (b) the outdoor air CO, concentration at two heights above
the ground level (i.e., 20 cm and 150 cm, respectively), and (c) the environmental parameters
(i.e., T, P, Rh). The measurements are scheduled on an hourly basis, and each measurement
routine consists of almost 4 min of active signal acquisition. The GASNET board stores the
data locally in SD memory card (i.e., files are yyyymmdd.csv for each day) and delivers the
new data to a web service at the end of each acquisition.

The software gasnet.cgi (version 1.0) allows collecting data acquired by the remote
stations through the webservice program (“gasnet.cgi”) written in C language and installed
together with a web server “Apache2”, a “MariaDB” database and other modules to process
acquired data. Data are encrypted from the remote stations and decrypted by the server.
“gasnet.cgi” software (version 1.0) was developed by us and includes modules for managing
the station network, data storage, data analysis, data visualization, and remote station
functionality tests. The software also exhibits the capacity to mitigate spikes, which may
arise sporadically due to the switching actions of solenoid valves and current regulators of
solar panel system. Simultaneously, it showcases the ability to perform data interpolation
in scenarios where data gaps are encountered. A module allows interactive data processing
(plotnet.cgi) as time-series visualization using customizable parameters (i.e., axis scale,
time window, variables). This software also allows data mining in other databases in order
to obtain data acquired by stations of other networks mainly located in other sectors of the
island of Vulcano [65,67,74].

The selection criteria that were adopted for establishing the suitable sites for deploy-
ment of the stations were (i) the spatial distribution of the anomalous degassing zone and
(ii) people’s exposure to the volcanic gas emissions. With this qualitative approach, the
continuous monitoring activity would focus mainly on the high-risk zone of the island
of Vulcano.
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3.3. Measurements of the Environmental Variables

The gas hazard monitoring network includes one weather station (i.e., rojas) equipped
with sensors for measuring air temperature, atmospheric pressure, wind speed, wind
direction, relative humidity, and rain. Rojas area was selected as the suitable site for
monitoring the weather variables because its location is far from both vertical barriers
(i.e., Faraglione and Mt Lentia) and close to the sea. These are the main morphological
features of the surveying zone that plausibly influence the wind pattern and the air turbu-
lence at Vulcano Porto. In synchrony with air CO, concentration measurements, the station
measures sequentially all the environmental variables except the rain. This last parameter
is continuously recorded and hourly cumulated.

3.4. CO;, Concentration Measurement Indoor

Data of the CO; concentration indoor were collected in August 2020 for assessing the
effects of diffuse degassing on the indoor air CO; concentration in the zone of Faraglione.
The measurements were performed with a portable instrument equipped with spectropho-
tometers (Gascard—Edinburg Gas Sensors IR spectrophotometer, with accuracy 2% full
scale) working in the ranges 0-3000 ppm vol and 0-10% vol. A typical experiment in the
building with either private or public access by people consisted in collecting air at 2-10 cm
above the ground floor. The experiment duration in each site was almost 12 min, owing to
the estimated average residence time in these closed environments, with a regular sampling
frequency of 2 min. One experiment was carried out outdoors (i.e., RMG site in Figure 1c) to
assess the effects of the diffuse degassing in the air at the edge of the anomalous degassing
zone. Although air CO; dilution in outdoor air differs from the indoor dilution, this survey
on Vulcano was performed during the summer period, when windows kept open maintain
active ventilation into buildings. The data analysis reveals this site as suitable as a reference
for both the indoor and outdoor air CO, concentration near the anomalous degassing
zone of Faraglione. The dataset of the indoor experiments includes some accommodation
buildings, facilities, and private houses with people access.

3.5. Soil Gas Surveys Data Processing

Maps showing the spatial distribution of ¢CO, were produced by interpolating
the field measurements using the Kriging method. The prediction layers of ¢CO, were
obtained from the scattered set of points by applying the Kriging algorithm considering
the spherical model of spatial autocorrelation. The continuous grid surfaces were created
using Surfer 13 software, which simulates the spatial distribution of CO; flux throughout
the study area.

3.6. Continuous Monitoring of ¢CO, Clustering

Cluster analysis was performed to examine the relationships between soil CO, emis-
sions and air CO, concentrations. Cluster analysis allows the classification of observational
data sets into some classes according to a set of similarity criteria. The goal of this analysis
is to identify a few groups of data that are internally homogeneous (i.e., similarity crite-
ria) and heterogeneous among themselves. Several clustering methods are available for
partitioning datasets (e.g., k-means, hierarchical, and two-way clustering), which differ in
that they require either preselection of the number of clusters to be identified in the dataset,
some statistics of the dataset, or computational effort. Hierarchical clustering allows objects
to be grouped so that objects within one group are similar to each other and different from
objects in other groups.

Hierarchical clustering has an advantage over other existing clustering methods
because it does not require specifying the number of clusters. The hierarchy of clusters
can be created by partitioning algorithms, where first all objects in a single cluster are
considered. Then, through an iterative partitioning process, each object is placed in a
different cluster by applying some principles that maximize the distance between adjacent
objects in the cluster. Another type of hierarchical method is agglomerative clustering,
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where each object first forms its own cluster. Then, the agglomerative algorithms gradually
merge pairs of small clusters into a single, larger cluster until, at the end of the iterations,
all the data are grouped into a single cluster. Basically, hierarchical clustering measures
the similarity between objects (i.e., distance) to create a new cluster. Several metrics allow
the computation of distances between objects (e.g., Euclidean, Chebyshev, Manhattan, etc.).
The Euclidean distance function allows the calculation of the proximity matrix, which is
the basis for assigning each data point to a cluster. Merging two clusters into one cluster is
based on the Euclidean distance metric for similarity between clusters, which refers to the
sum of squares of object coordinates in Euclidean space. The calculations of the Euclidean
distances lead to an update of the distance matrix. The iterative process of updating the
distance matrix and merging clusters ends when the last two clusters are merged into a
final cluster that encompasses the entire dataset. There are many different approaches to
computing the distance between clusters and updating the proximity matrix. Only a few
approaches (i.e., either single linkage or complete linkage) calculate either minimum or
maximum distances between objects of different clusters. In the cluster analysis of our
dataset, we used the Ward approach, which analyzes the variance of the clusters instead of
measuring the distances directly, and tries to minimize the variance between the clusters.
In Ward’s method, the distance between two clusters depends on how much the value
of the sum of squares increases when the clusters are combined. In other words, the
implementation of Ward’s method tries to minimize the sum of squares distances of the
points from the cluster centroids. Compared to other distance-based methods described
above, the Ward method is less susceptible to noise and outliers. Therefore, in this paper
the Ward method is preferred over other methods for clustering.

4. Results
4.1. Diffuse Degassing of CO; at Faraglione Zone (¢CO,)

Figure 2 shows the results of ¢CO, measurements made in the inhabited zone of
Vulcano Porto to study in detail the spatial pattern of diffuse degassing. This study focused
on soil CO, emissions at Faraglione. The ¢ CO, measurements were performed in May 2019
(Figure 2a) and repeated in March 2020 (Figure 2b) to evaluate possible spatial variations
of the anomalous degassing zone due to variations in the volcanic degassing of La Fossa
volcano. The total CO, output was calculated for each campaign by multiplying the average
@CO;, value by the surface of the investigated area (1.1 km?). Comparison of the results of
these surveys reveals several similarities in the spatial distribution of @CO; in the studied
area. The highest CO, emission (i.e., ¢CO;, > 100 g m~2 d~1) is observed in the anomalous
degassing zones at Sorgenti Termali, Faraglione, and Porto di Levante. Low CO, emissions
from the soil were observed near Monte Lentia. Overall, the results of these studies show
comparable values for total CO, output (i.e., 85 ton d ! and 87 ton d~! for May 2019 and
March 2020, respectively).

Focusing on the areas with low and medium ¢CO; values (i.e., ¢CO; in the range of
1.04-15gm~2d ! and 15-50 g m~2 d !, respectively), some differences are observed in
the central part of the study area. Diffuse degassing in zones A, B, and C with intermediate
values of ¢CO, disappeared in 2020 and soil CO, flux decreased by almost 23% in Porto di
Ponente zone and ¢CO, decreased in zones with low @CO,. The increase in @CO; in the
anomalous degassing zone (Faraglione) offset the trend in the other zones, so that ¢CO, in
2019 had a similar average value to 2020.
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Figure 2. Contour plots of soil CO, flux (logarithmic scale) expressed in g m~2 d~1 at Vulcano Porto.
Black dots indicate the ¢CO, measurement points. The A, B, and C show different degassing areas as
discussed in the text. (a) Survey performed on 28 May 2019; (b) survey performed on 10 March 2020.



Geosciences 2023, 13, 266

9 of 28

4.2. CO, Concentration Indoor

Figure 3 shows the results of indoor air CO, concentration measurements performed
on Vulcano in August 2020. It is important to emphasize that Vulcano was in a dormant
phase at the time of the measurements. This data set shows that the CO, concentration
in the closed environment was higher than the outdoor CO, concentration at the RMG
reference site.

100,000
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Figure 3. The CO, concentration measurement indoors at Vulcano during a survey performed in
August 2020. The site RMG is considered a suitable reference for both the outdoor and indoor air
CO; concentration near the anomalous degassing zone of Faraglione (blue line). Threshold value for
indoor CO; concentration according to the Commission Directive 2006/13/EC is shown (red line).

Overall, the average indoor pattern shows that the CO, concentration in air was highly
site-dependent and generally below 5000 ppm vol. According to the Commission Directive
2006/15/EC, an indoor air CO, concentration > 5000 ppm vol for an estimated exposure
time of 8 h can be dangerous for human health [42]. CO, hazard rises due to an increase
in air CO; concentration, even for smaller exposure times. At the worst conditions, air
CO, concentrations > 100,000 ppm vol cause unconsciousness [43,44] and can be lethal
for CO, > 90,000 ppm vol for an exposure time longer than 5 min [43]. At the SCL site,
indoor CO; concentration reached a value of 10,000 ppm vol a few minutes after isolating
the room from the external environment. This high value of indoor air CO, concentration
affects the metabolism after a few hours of exposure and can be harmful either if the CO,
concentration increases further or the CO, concentration remains stable and exposure
times become longer. It is worth noting that the above-reported references for the health
effects of indoor air CO, concentration refer to environments occupied by people at work,
which can be very different from houses or buildings occupied also by children or elderly.
For these environments, health organizations in several countries have recommended
limits significantly lower than 5000 ppm vol. For example, the Istituto Superiore di Sanita
recommended CO; < 1000 ppm vol for indoor air [78], while the permitted value for indoor
air CO; concentrations in Canada is 3500 ppm vol [79], and in UK schools is 1500 ppm
vol [80].

At a steady state, indoor air CO; concentration at most sites was <5000 ppm vol, which
is the threshold value that has a slight effect on metabolism after a prolonged exposure of
several hours. In Figure 3, the first part of each plot represents the accumulation rate of the
indoor CO; in the measurement site when the air circulation was restricted by closing the
door of the environment. Despite the low level of volcanic activity at Vulcano in 2020, indoor
air CO, concentrations can achieve high values, especially near the ground in an enclosed
environment. These conditions can significantly worsen during periods of volcanic crisis,
when the CO; emission around the volcanic edifice increases considerably. Furthermore,
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gradual increases in outdoor air CO, concentration could be due to meteorological effects
(i.e., atmospheric pressure, wind, and rainfall), human activities (e.g., excavation and
borehole drilling), or the specific conformation of buildings (e.g., cellars). For example,
the CO, concentration at the SCL site reached levels dangerous to humans (i.e., nearly
10% vol s~1) within minutes and remained at this high level even though the measurement
site door was open to the atmosphere. CO, accumulation occurs near the ground because
the molecular weight of CO; is higher than the average weight of air (28 um.a.).

Natural or forced air turbulence will stir up the CO; in the air and remove any
stratification caused by the density difference in the gas composition. The SCL site is a
basement near Faraglione that is occasionally entered by residents to store personal items.
Since the gas hazard depends on the CO, concentration and the duration of exposure, it is
not surprising that no injuries have occurred at these sites on Vulcano. Arguably, in this case
and in similar buildings, the indoor air CO, concentration can easily achieve hazardous
levels (e.g., indoor air CO; > 10,000 ppm vol), especially at night when air turbulence is at
a low level, CO; dilution is less effective, and chemical layering may occur in indoor air.

4.3. Soil CO, Flux Continuous Monitoring (¢CO,)

Figure 4 shows the time series for ¢CO, measured at the Faraglione site from September
2021 to December 2022. The four stations measure the @CO, in the inhabited zone of Vulcano
Porto. This study includes the recording of @CO, during a period of remarkable changes
in volcanic degassing due to an increase in magmatic degassing at depth [45—48]. Overall,
statistics for the data collected from each station during the September 2021-December 2022
time window (Table 1) show that the ¢CO, at Carapezza and Rojas is within the range of
emissions from soil respiration [81-83], while the average ¢CO, at both Porto and Castello
is an order of magnitude higher. According to [66], which combined ¢CO, measurements
and carbon isotopic data for soil CO,, a significant amount of soil CO; of volcanic origin is
released throughout the Vulcano Porto zone, although the magnitude of the CO; flux is within
the range of ¢CO; sustained by soil respiration. The Carapezza station is located outside
the anomalous degassing zone (i.e., the Faraglione zone) and can be considered a suitable
reference for the background of ¢CO, in the Vulcano Porto zone, at least during period of
quiescent degassing (i.e., in 2019 and 2020).

Table 1. Statistics of the continuous monitoring for soil CO; flux (g m~2 d~!) and air CO, concentra-
tion (vol%) at two different heights above the ground (i.e., 20 cm and 150 cm, respectively).

Station Minimum Average Maximum Standard Deviation Skewness Kurtosis
Soil CO; flux
(gm2d")
Carapezza 6.41 22.69 84.52 7.61 1.90 5.97
Castello 50.02 134.84 384.08 41.16 0.73 1.64
Porto 0.47 358.23 1261.33 227.55 0.25 —0.51
Rojas 0.00 25.48 62.67 8.27 —0.15 0.85
Air CO;, concentration 20 cm
(vol%)

Carapezza 0.01 0.04 0.08 0.01 —0.58 -0.75
Castello 0.00 0.07 0.40 0.06 —16.87 664.04
Porto 0.00 0.09 0.21 0.03 —0.62 0.57
Rojas 0.00 0.07 0.17 0.03 —-0.70 0.97

Air CO; concentration 150 cm
(vol%)
Carapezza 0.01 0.03 0.06 0.01 —0.02 0.17
Castello 0.00 0.06 0.23 0.03 —28.86 1875.45
Porto 0.04 0.09 0.17 0.02 0.05 0.06
Rojas 0.00 0.06 0.16 0.02 0.24 0.85
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Figure 4. Time series of the ¢CO; at the four monitoring stations. Background colors show
the alert code established by Dipartimento della Protezione Civile for the state of activity of
Vulcano (https:/ /rischi.protezionecivile.gov.it/static/{2294052045b305219e246cd 1ae895e / vulcano-
tabella-sui-livelli-di-allerta.pdf, accessed on 21 August 2023); the alert code change from “green”
to “yellow” occurred on 30 September 2021. A notable seawater decoloration at Baia di Levante
occurred on 23 May 2022 (vertical blue bar in subplots), while seismicity at a depth < 12 km with
ML > 2 occurred on 19 October 2021, 30 October 2021, and 10 April 2022 (vertical red lines). Time
series of data collected by the stations: (a) Carapezza, which is the most peripheral station of the
network. This station can be considered as a reference for ¢CO, because of its positioning far
from the anomalous degassing zone. (b) Castello, which lies in the anomalous degassing zone.
(c) Porto, which is located in the anomalous degassing zone. (d) Rojas. The comparison of the
average CO; values shows few differences between the volcanic emissions near Faraglione zone
and the most peripheral zone, at least 1 km from the base of La Fossa cone (i.e., Carapezza and Rojas
monitoring sites).


https://rischi.protezionecivile.gov.it/static/f2e294052045b305219e246cd1ae895e/vulcano-tabella-sui-livelli-di-allerta.pdf
https://rischi.protezionecivile.gov.it/static/f2e294052045b305219e246cd1ae895e/vulcano-tabella-sui-livelli-di-allerta.pdf
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Throughout the observation period, the @CO; in the peripheral zones of the La
Fossa cone showed a clear evolution. The @CO, at Castello was almost constant at
100 g m~2 d~! until the end of September 2021. On September 21, an increasing trend
started at the Castello monitoring station and the ¢CO, value reached 200 g m~2 d !,
which was almost 100% higher than the previously measured values. The ¢CO, value at
the Carapezza station remained constant from the end of September to October 2021.

4.4. Variations of the CO, Concentration in the Outdoor Air

Gas hazard monitoring on Vulcano is based on integrated measurements of ¢CO, and
CO;, concentrations in the outdoor air, which allow us to detect the possible transition to
hazardous conditions. Figure 5 shows the time series of CO; concentration in the outdoor
air at each measurement point in the Faraglione anomalous degassing zone. The dataset
includes the measurements of CO, concentration at the heights of 20 cm and 150 cm above
the ground. Figure 5 shows that the average CO, concentration in outdoor air measured at
20 cm above ground level at the Carapezza site is 42.8%, 55.5%, and 42.8% lower than the
CO, concentration at Castello, Porto, and Rojas, respectively.

The CO; concentration of the outdoor air at 150 cm above the ground gave similar
trends to those at 20 cm, although the absolute values were different (Table 1). In addition,
the maximum values at both heights above ground indicate that the air CO, concentration
at the Carapezza site was an order of magnitude lower than the maximum value at the
other sites throughout the monitoring window. Figure 5b shows that the CO; concentration
in the air near the ground at the Castello site is high (i.e., CO, > 2500 ppm vol). The
measurements taken at two different distances from the ground allow us to study the
dispersion of volcanic gas in the lower layers of the atmosphere.

A closer look at the time series reveals site-specific differences in the vertical evolution
of CO; concentrations. CO, concentrations at the Carapezza and Rojas sites are nearly
200 ppm vol and 400 ppm vol higher, respectively, at a 20 cm altitude than those measured
at a 150 cm altitude. This indicates that diffuse degassing releases volcanic CO; that
accumulates near the ground and causes chemical stratification in the lower layers of
the atmosphere. CO; concentration in the air shows a negative correlation with distance
from the ground. Although the CO, concentration in the air at the Castello and Porto
sites reached more than 2500 ppm vol. several times during the observation period, the
measurements made at 20 cm above the ground are comparable to those made at 150 cm.

At the Porto station, the CO, concentration measured at 20 cm above the ground is
even indistinguishable from the CO; concentration at 150 cm above the ground, and thus
independent of the height above the ground.

Each monitoring station was equipped with sensors for monitoring some environ-
mental variables (i.e., air temperature, relative humidity, and atmospheric pressure) in
order to evaluate the possible site-specific effects of these variables on the outdoor air CO,
concentration. Recordings of these measurements have shown no statistically significant
differences in air temperature, relative humidity, and atmospheric pressure at the four sites
(Figure S1).

4.5. Changes in the Atmospheric Variables

The gas hazard in volcanic regions is an interface problem caused by the interplay
among diffuse degassing, plume dispersal into the La Fossa caldera from the crater rim, and
atmospheric turbulence conditions [34,46,77,84,85]. The Rojas monitoring station includes
sensors to measure several weather variables that affect both CO, and the dispersion of
CO; in the air in the inhabited zone of Vulcano Porto. The site-specific characteristics of
the atmospheric circulation at the Rojas site can be considered representative of average
conditions throughout the study area (Figure S1).

The air temperature on Vulcano (Figure 6a) showed a sinusoidal pattern throughout
the period of monitoring, with the highest values measured in summer (i.e., T > 25 °C),
while the lowest values were measured in winter, when the average temperature was
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14 °C. During the whole observation period, the average temperature was 20.6 °C, which
corresponds to the average air temperature of the Mediterranean region.
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Figure 5. Time series of the outdoor air CO, concentration at four monitoring stations. Back-
ground colors show the alert code established by Dipartimento della Protezione civile for the
state of activity of Vulcano (https://rischi.protezionecivile.gov.it/static/f2e294052045b305219¢e2
46cdlae895e /vulcano-tabella-sui-livelli-di-allerta.pdf, accessed on 21 August 2023); the transi-
tion from “green” to “yellow” occurred on 30 September 2021. A notable seawater decoloration
at Baia di Levante occurred on 23 May 2022 (vertical blue bar in subplots). The average value
for air CO, concentration calculated by measurements recorded at Mauna Loa Observatory
(https:/ /scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record.html, accessed on 21
August 2023) has been selected as background value for outdoor air CO, concentration (purple line).
Time series of the data collected by the station at 20 cm (green line) and 150 cm (blue line) above the

ground, respectively: (a) Carapezza; (b) Castello, (c) Porto; (d) Rojas.

Atmospheric pressure (Figure 6b) exhibited a nearly constant pattern in September
2022. Large fluctuations occurred during the fall period, resulting in sensitive changes
in weather conditions (Figure 6d). In particular, several rain events brought 313.6 mm of
cumulative rain, which is more than half of the average annual cumulative rain on Vulcano,
based on observations over the past decade. The relative humidity (Figure 6¢c) ranges from
27.33% to 99.97%, with low values in summer 2021 and higher values from fall 2021 to
spring 2022.

Figure 6d shows that rainfall is irregularly distributed throughout the observation
window (i.e., average rain rate = 0.37 mm h~1, skewness = 79.93, kurtosis = 7023.36), with
41 extreme rain events (12.46% of the 329 rain vents causing a rain rate > 0.2 mm h™1)


https://rischi.protezionecivile.gov.it/static/f2e294052045b305219e246cd1ae895e/vulcano-tabella-sui-livelli-di-allerta.pdf
https://rischi.protezionecivile.gov.it/static/f2e294052045b305219e246cd1ae895e/vulcano-tabella-sui-livelli-di-allerta.pdf
https://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record.html
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having a rain rate > 15 mm h~!. The highest rain rate (758 mm h~!) occurred on 24 August
2022. Wind speed (Figure 6e) is among the most important weather variables for studying
the gas hazard of volcanic origin because it affects the dispersion of CO; in the air, which
plays a crucial role in the chemical stratification of the air near the ground. The average
wind speed at Rojas site was 0.26 m s~!, a value slightly higher than the most common
value of 0.21 m s~ ! (i.e., the median value), since the wind speed was 40.92% times higher
than the average value. The highest value for wind speed at the Rojas measurement site
was 2.25 m s~ L. Figure 6g summarizes that the air circulation during the observation period

was mainly determined by air masses from WSW and N (i.e., 13.8% and 12.45% of the
dataset, respectively).
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Figure 6. Weather variables at Rojas station. (a) Air temperature; (b) air pressure; (c) relative humidity;
(d) rain rate; (e) wind speed; (f) wind direction; arrows’ length is relative to the wind speed; (g) rose
diagram of the wind direction and speed (the axis scale is frequency).
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5. Discussion
5.1. Spatial Variations in ¢CO; across the Target Area and Air CO, Concentration Indoors

Results from two soil gas surveys conducted on Vulcano in 2019 and 2020 show variations
in air CO, concentrations due to variations in @¢CO,. The anomalous CO, emissions occurred
throughout the island of Vulcano, where faults and fractures in the crustal rocks provide a
preferential pathway for volcanic gas to rise to the Earth’s surface [86,87]. Accordingly, as
shown by several studies performed on Vulcano [18,19,21,33,45,63,64,67-71,73,74], the soil
CO; flux survey in 2020 shows that anomalous degassing zones have similar positions as in
2019 (Figure 2). A detailed analysis of these results shows a kind of accommodation of ¢CO,
due to minor variations in volcanic degassing (i.e., the areas marked as A, B, and C in Figure 2).
While the average value of ¢CO, was constant throughout the target area, the increase in
CO, emissions at Faraglione compensated for the decrease in ¢COj; at Lentia. These findings
suggest that the anomalous degassing zone in Faraglione can be sensitive to small changes in
volcanic degassing that bring volcanic/hydrothermal CO, into the atmosphere.

Diffuse degassing releases volcanic CO; into buildings and houses on Vulcano Porto,
determining indoor CO; concentrations that can reach high levels which are potentially
harmful to human health, depending on the time of exposure [34]. The indoor measure-
ments showed that CO; concentrations in indoor air reached higher values than those
measured in a non-anomalous area, as shown by a comparison with the reference back-
ground for CO, concentrations in outdoor air in August 2020 (Figure 3).

In certain instances, indoor measurements exhibited values > 5000 ppm vol, substan-
tially higher than the air CO, concentration present in the adjacent outdoor atmosphere.
This phenomenon implies that the rise of indoor CO, within structures is predominantly
attributed to soil CO, emissions beneath the edifices, rather than to the influx of CO, from
the exterior surroundings (i.e., outdoor air from windows). Arguably, this is particularly
noticeable in inadequately ventilated zones or areas where the prevalence of drains, vents,
and sewage pipes fosters conditions of heightened permeability to subsurface gases. The
results of detailed investigations conducted through spatial surveys of stable isotopes of
carbon and oxygen in the air CO, suggest that variations in volcanic outgassing and daily
evolution of the planetary boundary layer affect the volcanic gas dispersal in the Vulcano
Porto area [11,46]. Since the outdoor air CO, concentration is a suitable background for
both indoor and outdoor CO, concentration at the local scale, these results show that
the greatest gas hazard can be detected late at night and under conditions of increased
volcanic degassing.

The CO; increase in these environments can persist for about 10 min, a period equiv-
alent to the average time people spends in spaces such as kitchens, bathrooms, or base-
ments. The hazard posed by volcanic gases is arguably greater in bedrooms, where people
tend to spend more time at night. Although diffuse degassing on Vulcano was at a low
level during our study in 2020, indoor air CO, concentrations suddenly increased to
nearly 10 percent by volume under conditions favorable to chemical stratification near the
ground These conditions prevailed at the Faraglione sites (i.e., the SCL site) located below
ground level.

The results of the surveys conducted on Vulcano island in 2019 and 2020 exhibit
agreement with previous findings concerning spatial variations in soil CO, emissions at
Vulcano Porto. These investigations have identified a persistent anomalous degassing
zone at Faraglione, where CO, has volcanic origin [17,18,23,24,66,86]. However, there
may be significant variations in gas hazards due to variations in magma degassing at
depth. As a result, the strategic implementation of land use planning can effectively
mitigate human exposure to volcanic hazards. It is important to note that a comprehensive
approach to risk management demands the continuous monitoring of ¢CO, and a thorough
understanding of its implications for fluctuations in outdoor CO; concentrations [35]. A
sensor alarm system for monitoring gas hazards within buildings is useful when the CO,
hazard primarily involves the local ¢CO,. However, the overall gas hazard at Vulcano
Porto involves CO; and gas plume emitted through both the crater area and the areas near
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the anomalous degassing zones (e.g., Vasca). A continuous monitoring of outdoor air CO,
concentrations allows to distinguish site-specific effects caused by diffuse degassing from
a potentially more hazardous increase in outdoor CO, concentrations across the Vulcano
Porto area.

From a practical point of view, if certain sectors of the monitoring area may be affected
by escalated gas hazards due to increased volcanic outgassing (i.e., as observed since
September 2021), a recommended response from risk management stakeholders could
involve temporarily relocating the population from zones with elevated outdoor air CO,
concentrations to areas on the island less affected by volcanic gas emissions. According
to [88], the costs related to a partial evacuation of the island of Vulcano prior to a volcanic
eruption surpass those associated with a complete evacuation after an eruption onset.
However, the gas hazard remains a vital volcanic risk factor in all levels of volcanic activity,
though eruptive activity is not involved.

It is worth nothing that individuals spend considerable time in buildings, particu-
larly during winter. Few buildings are currently equipped with gas detection sensors,
alarms, proper ventilation system, or electrical tools for producing artificial turbulence to
mitigate gas hazards. The hazard threshold value for outdoor air CO, concentration in
this study adheres to the European directive of 5000 ppm vol, although several countries
set-up more restrictive values in environments widely used by children (i.e., schools).
However, it should be noted that the CO, concentration values included in [42] are set
for the workplace in the event that the exposed subjects are aware of the hazard and can
provide an autonomous response to exposure to CO, emissions. This is not necessarily
the case for homes built in gas-exposed areas. For example, at night, when occupants
are less vigilant and elderly or children, the concentration values given in the guidelines
may be insufficiently conservative. Furthermore, individual countries transpose these
guidelines differently, often adopting concentration values < 5000 ppm vol based on their
assessments [78-80].

5.2. Continuous Monitoring of ¢CO, and Outdoor Air CO, Concentration at Faraglione Zone

Synchronous measurements of outdoor air CO; concentration at two different heights
above the ground allow studying the dispersion of volcanic gas in the lower layers of
the atmosphere. Figure 5 shows some site-specific differences in the vertical evolution of
CO, concentration. At the Carapezza and Rojas sites, the air at 20 cm altitude has CO,
concentration values that are nearly 200 ppm vol and 400 ppm vol higher, respectively, than
the values measured at 150 cm above the ground. The CO, concentration at 150 cm was
only higher than the value measured at 20 cm a few times. The development of negative
air CO, concentration differences (i.e., ACO, = CO; (20 cm) — CO; (150 cm)) indicates CO,
uptake from the highest level of the atmosphere at Vulcano Porto, possibly as an effect of
volcanic crater plume spreading. The vertical difference at the Castello site (Figure 5b) was
an order of magnitude higher than the difference in air CO, concentration at the Porto site
(Figure 5c).

These observations suggest that diffuse degassing is capable of inducing chemical
layering within the lower strata of the atmosphere, as the influx of volcanic CO; leads
to its accumulation in proximity to the ground. It can be inferred that this atmospheric
stratification fosters the establishment of a vertical concentration gradient, which is linked to
@CO; measured at each specific site and is disrupted by turbulent air motions. A correlation
test can help quantify the extent of correlation between CO; concentration differences and
@CO, (Figure 7). The results of this test highlight a weak correlation between ACO,
and @CO; and a variety of patterns in the magnitude distribution with respect to height
above ground (i.e., either positive or negative values by calculating the differences in CO,
concentration measured at 20 cm and 150 cm above ground, respectively). The magnitudes
of outdoor air CO; concentration in air at both Porto and Castello (Figure 5) are an order
of magnitude higher than the theoretical background for CO; in air (i.e., ~417 ppm vol,
average values calculated from June 2021 to December 2022 from the records of Mauna Loa
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Observatory [89]), and the vertical CO, concentration differences are independent of CO,
at both sites (Figure 7c—e, respectively).
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Figure 7. (a) Vertical differences of CO; concentration vs. ¢CO, at Carapezza site; (b) frequency
distribution of the vertical differences in CO, concentrations at Carapezza site; (c) vertical differences
of CO, concentration vs. ¢CO; at Castello site; (d) frequency distribution of the vertical differences
in CO, concentrations at Castello site; (e) vertical differences in CO, concentration vs. @CO, at
Porto site; (f) frequency distribution of the vertical differences in CO, concentrations at Porto site;
(g) vertical differences in CO, concentration vs. @CO, at Rojas site; (h) frequency distribution of the
vertical differences in CO, concentrations at Rojas site.
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The distributions of gradient magnitude for both Porto and Castello have peaks around
the zero gradient (i.e., median values are 0.002 and 0.005 vol%, respectively) and have
positive tails (i.e., skewness of the distributions of gradient magnitude are 0.755 and 3.146,
respectively). This result shows that air CO, concentration has a negative correlation with
height above ground, indicating a measurable effect of volcanic CO, dispersion in the air.
Therefore, the gas hazard at these sites is high due to the high outdoor air CO, concentration
and is almost independent of site-specific 9CO,. Indeed, both stations are installed near
surface manifestations of the volcanic/hydrothermal system on Vulcano Island (i.e., Vasca
mud pools and various steaming ground zones at Faraglione). Anomalous emissions of
CO; from the soil and fumaroles in this area cause high values of CO, concentration in the
outdoor air compared to the theoretical background and affects the gas hazard at Faraglione
(i.e., the anomalous degassing zone, as shown in Figure 1). Other environmental variables
(e.g., wind speed, air temperature, and atmospheric pressure) can foster an increase in the
outdoor air CO; concentration. Therefore, Faraglione is the zone with the most serious
volcanic gas hazard, regardless of variations in volcanic degassing (i.e., variations in ¢CO,
of volcanic origin). The additional sites examined beyond the anomalous degassing zone
of Faraglione (i.e., the Carapezza and Rojas stations) exhibit a more complex correlation
with @COs.

5.3. Identification of the Environmental Conditions Promoting Elevated CO, Hazard
5.3.1. Cluster Analysis

The results of the cluster analysis for the datasets collected from the monitoring stations
show that at least two subclusters can be distinguished for Carapezza, Castello, and Rojas,
while the application of a clustering method to the Porto station dataset yielded only one
cluster. Cluster-1 in the Carapezza site dataset has a range for air CO, concentration of
0.037-0.080 vol% and 0.02-0.06 vol% at the heights of 20 cm and 150 cm above the ground,
respectively (Table 2).

Table 2. Statistics of the clustering results.

. Height above Air CO, Air CO,
Station Cluster ID “’quz M_alx (pC(izz M_lil the Ground Concentration—Max Concentration—Min
(gm-2d-1) (gm-2d-1) 0 o
(cm) (vol%) (vol%)
20 0.08 0.03
Carapezza Cluster-1 28.2 6.4 150 0.06 0.02
20 0.05 0.01
Cluster-2 59.5 14.7 150 0.05 0.01
20 0.40 0.07
Castello Cluster-1 286.2 90.4 150 023 0.06
20 0.19 0.00
Cluster-2 384.1 68.8 150 012 0.00
20 0.21 0.00
Porto Cluster-2 1261.3 0.5 150 017 0.04
20 0.16 0.04
Rojas Cluster-1 442 7.9 150 015 0.03
20 0.08 0.00
Cluster-2 48.3 25.6 150 0.08 0.03

The @CO; for Cluster-1 is <25 g m~2 d~!. Cluster-2 has a small range for air CO,
concentration (0.01-0.05 vol% for both heights above ground) and includes ¢CO, values
from 15 to 58 g m~2 d . Cluster analysis results for the dataset collected at Castello show
that Cluster-1 has a wider range for outdoor air CO, concentration at 20 cm above ground
level than outdoor air CO, concentration at 150 cm (i.e., 0.09-0.4 vol% and 0.08-0.25 vol%,
respectively) and that ¢CO, has values (i.e., from 100 to 280 g m~2 d~!) that are an order
of magnitude greater than ¢CO; at the Carapezza site. Cluster-2 for the Castello dataset
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shows a similar range for air CO, concentration compared to Carapezza at both heights
above ground, while the range of CO, is larger (i.e., from 80 to 380 g m~2 d~!), consistent
with the Castello location which lies in the anomalous degassing zone, while the Carapezza
site can be considered a background reference for ¢CO; on Vulcano, outside the Faraglione
anomalous degassing zone.

Cluster-1 for the Rojas site shows an intermediate range of air CO, concentrations
between those observed at the Carapezza and Castello sites, for both measurements at
20 cm and 150 cm above ground level (Table 2). Cluster-2 at the Rojas, Castello, and
Carapezza sites shows a smaller range of CO, concentration in air than Cluster-1 at each
site, while the range of @CO; is larger at all sites except the Rojas site.

5.3.2. Correlations between Air CO, Concentration and ¢CQO,

Classification of the dataset using cluster analysis allows an in-depth study of the
effects of CO, on outdoor air CO, concentrations at different heights above the ground
and allows some inferences about environmental variables affecting gas hazards at Vul-
cano Porto. The slopes of the best fit indicate the relationship between outdoor air CO,
concentrations and @CO; at different clusters, allowing quantification of its effects on
the atmospheric dispersion of volcanic CO,. A comprehensive analysis of the correlation
between outdoor air CO, concentration and ¢CO, (Figure 8) shows that Cluster-1 has
generally greater slopes than Cluster-2 for all stations.

Moreover, the slopes of the fit lines for the dataset collected at 20 cm above ground
level were almost an order of magnitude higher than the slopes at 150 cm above ground
level. All stations exhibit these patterns, regardless of whether the particular measurement
location of each station is inside or outside the anomalous degassing zone. These find-
ings show that even a minor rise in @CO; resulting from intensified magma degassing
at depth can foster a remarkable increase in outdoor air CO, concentration and, thus,
increases the gas hazard. The closer the atmospheric layer is to the ground, the greater
the influence of CO; on the CO, concentration in the outdoor air. The ¢CO, signifi-
cantly affected the CO, concentration in outdoor air at a height of 20 cm at both Rojas
and Carapezza sites, while the correlation between CO, concentration and ¢CO, is more
than an order of magnitude lower at Faraglione (i.e., Porto and Castello sites). Air turbu-
lence helps to smooth vertical differences in air CO, concentrations by disturbing stratifi-
cation in the ground-level planetary boundary layer (PBL), especially during daytime
hours [9,11,46]. When either hot or less dense air is rising or winds are blowing at
high speeds (i.e., >~3 m s~!), turbulent motions prevent chemical stratification in the
lower layers of the atmosphere. Whether the gas hazard increases or decreases depends
on the CO, value. In the anomalous degassing zones where the @CO, value is high
(i.e., CO, > ~100 g m~2 d 1), considering a widely used threshold to distinguish anoma-
lous CO; emissions from the soil from soil respiration [81-83] and turbulent motions of
the air reduce the concentration differences and result in a nearly uniform CO, concentra-
tion value in the outdoor air. Although the concentration differences may be modest, the
absolute concentration of outdoor air CO, can exhibit a homogeneity at elevated levels.
Under these conditions, the outdoor air CO, concentrations can reach levels above the
threshold recommended by health authorities (i.e., 5000 ppm vol according [42—44]) at least
at heights below 150 cm above the ground, increasing the gas hazard. When ¢CO, values
are lower compared to those of the anomalous degassing zone (i.e., ¢CO, << ~100 g m 2
d—1), turbulent motions reduce both the vertical differences and the maximum values of
CO; concentration in air, which has never reached a value > 5000 ppm vol. It is noteworthy
that in the anomalous degassing zone (e.g., at the Porto and Castello sites, where ¢CO, in
some cases can reach ~100 g m~2 d~!) the CO, concentration in outdoor air hardly depends
on @CO, variations and can be at a high due to the dispersion of the volcanic CO, emitted
by fumaroles or mud pools (e.g., Vasca mud pool).
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Figure 8. CO, concentration vs. ¢CO, plots resulting from cluster analysis; Cluster-1 (magenta circle)
and Cluster-2 (yellow circles). (a) Carapezza site at the height of 20 cm; (b) Carapezza site at the
height of 150 cm a; (c) Castello site at the height of 20 cm; (d) Castello site at the height of 150 cm;
(e) Porto site at the height of 20 cm; (f) Porto site at the height of 150 cm; (g) Rojas site at the height of

20 cm; (h) Rojas site at the height of 150 cm.

Turbulent motions play a crucial role in CO, dispersion and gas hazard evolution,
especially where soils release large amounts of CO; into the atmosphere [90-93]. A re-
duction in atmospheric turbulence can lead to less mixing of the air, creating the most
favorable conditions for atmospheric stratification near the ground. These conditions are
easily established on Vulcano Porto, which lies on the floor of a caldera (i.e., the La Fossa
caldera, a valley bounded by the Lentia Mountains to the west and the La Fossa cone to the
east). The development of atmospheric stratification during periods of low air turbulence
can foster a gradual outdoor air CO; accumulation, and gas hazard rise [11,46,93].
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5.4. Variations of the Gas Hazard during 2021-2022

The results of the on-site investigation in 2019 and 2020 on Vulcano are consistent
with those of previous studies [17,18,21,23,24,26,32,66,74] and show that the positions of
the anomalous degassing zones have not changed over time. Faults and fractures form few
zones of high permeability in the volcanic edifice, which provide a preferential pathway
for ascending gases [86,87]. High ¢@CO, values were observed in the fall of 2021 in an
extensive area of Vulcano Porto that includes Lentia and much of the floor of the La Fossa
caldera [11,45,46,48,67]. The resumption of volcanic activity on Vulcano consisted of a
remarkable increase in the outlet temperature of fumarolic gases, changes in the chemical
and isotopic composition of major and trace components in volcanic emissions, variations
in the temperature and chemistry of thermal groundwater, and an increase in ¢CO, [45-49].
This period of unrest is currently ongoing and has been attributed to an increase in magma
degassing at depth [11,45,47-50], creating the most favorable conditions for an increase in
volcanic gas hazard.

Since early summer 2021, four automatic stations have been installed on Vulcano
for the integrated monitoring of volcanic degassing of CO, and its effects on the air.
Therefore, most of the dataset discussed in this study relates to the period of the crisis that
began in late summer 2021 [45-50]. Throughout the period from June 2021 to December
2022, the network was used to monitor @CO, and outdoor air CO, concentrations at
two altitudes above the ground. Atmospheric turbulence resulting from the integrated
effects of atmospheric pressure, air temperature, and wind had a crucial influence on the
dispersion of CO, emissions and, consequently, on the concentration of CO; in the outdoor
air. The latter parameter serves as the primary driver of the gas hazard at Vulcano Porto.
Continuous monitoring of CO, played a pivotal role in monitoring the variations in
volcanic degassing at Vulcano during the observation time window [48,85]. Remarkable
variations in ¢CO; were observed between October 2021 and December /January 2022, as
well as from April to October 2022, particularly in locations distanced from the persistent
anomalous degassing area at Faraglione (e.g., Figure 4 for the Carapezza and Rojas sites).
While the available time span does not facilitate the establishment of a baseline value for
each station, recent studies provide clear evidence of substantial volcanic CO; input into the
Vulcano degassing system [45-50,85]. During the initial part of the aforementioned periods,
the ¢CO, value exhibited an increase, likely attributable to a notable increase in magma
degassing from depth [45-50,76,77,85]. Another indication of increased volcanic activity
at depth < 15 km were two earthquakes of magnitude ML > 2 that occurred on 19 and 30
October 2021 (ML 2.5 at a depth 12 km and ML 2.0 at a depth 4 km, respectively). However,
since spring 2022 (Figure 4), a sustained increase in ¢CO, began when the increase in
submarine degassing affected Levante beach and caused a significant discoloration of
seawater due to the precipitation of white insoluble sulfate minerals on the seafloor. On
10 April 2022, an earthquake of magnitude ML 2.1 occurred at a depth of 6 km and was
located almost 4.6 km SE from La Fossa crater on the southeast coast of Vulcano Island. In
fact, both monitoring sites near Faraglione (i.e., Porto and Castello) show persistently high
levels of @CO,. Steaming ground are common surface manifestations of volcanic activity
in this zone, and an increase in volcanic CO; was observed during the monitoring period.
The @CO, value nearly doubled from October 2021 to March 2022 at both the Castello and
Porto sites, mirroring the increased magma degassing at depth that caused volcanic unrest
on Vulcano [45-50]. A further increase in ¢CO, began at the Castello site in late summer
2022, and a transient increase in @CO; that is still continuing at this site caused significant
@CO, variations (i.e., fluctuations in soil CO, emissions from ¢CO, = ~100 g m 2 d~!
to CO, =~250 g m~2d~! with several peaks at 9CO;, > ~350 g m—2d1). During this
period, a transient increase occurred at the Porto site from ¢CO, = ~200 g m2d1to
©CO, = ~400 g m~2 d~ 1. In Faraglione and the surrounding areas, @CO, shows significant
lateral variations when volcanic degassing from magmatic/hydrothermal degassing is
low. These fluctuations recorded in the recent years [45,92] are larger and more noticeable
during periods of unrest, such as throughout 2021-2022 [45], when either the hydrothermal



Geosciences 2023, 13, 266

22 of 28

system or magma at depth releases large amounts of CO; to the atmosphere from the
degassing of crater plumes and soils.

Variations in ¢CO; had a remarkable impact on the CO, concentration in the outdoor
air and, consequently, on the evolution of the gas hazard on Vulcano during the whole
period of the 2021-2022 unrest. The civil defense authorities (i.e., the Italian Department of
Civil Protection—DPC and Department of Civil Protection of Sicily—DPCR) have not yet
lowered the alert code for Vulcano to the green level because several volcano monitoring
parameters are still above background levels at the time of publication of this article
(i.e., the temperature, chemistry, and isotopic composition of fumarolic gas, as reported
in the weekly INGV bulletins, which are available at https://cme.ingv.it/bollettini-e-
comunicati/bollettini-settimanali-vulcano, accessed on 21 August 2023). Thus, the gas
hazard at Faraglione is still evolving. As shown by the data collected at the Porto and
Castello sites, the gas hazard is high in the zones close to the surface manifestation of
volcanic activity (i.e., Vasca mud pool, Levante beach, and Faraglione fumaroles/steaming
grounds). Although the outdoor air CO; concentration did not achieve values > 5000 ppm
vol during the whole observation period at Castello and Porto sites (Figure 5), the vertical
differences in outdoor air CO, concentration are small, especially at Porto station. These
results indicate that air turbulence can homogenize the atmospheric layers near the ground,
but does not lead to dilution of CO, because the outdoor air CO, concentration is at a high
throughout the surrounding area. In these zones, a combination of local ¢CO, and plume
dispersal from fumaroles at Levante beach, Faraglione, and Vasca lead to high outdoor air
CO; concentrations (e.g., CO, concentration > 1000 ppm vol), and the gas hazard.

Remarkable variations also occurred near the anomalous degassing zone throughout
the time window of observations. The outdoor air CO, concentration at Rojas was above the
value of 1000 ppm vol recommended by Italian Istituto Superiore di Sanita [78], although
the outdoor air CO, concentration has never reached values > 5000 ppm vol [42-44]. This
result was frequently observed at a height of 20 cm above the ground, while the air CO,
concentration rarely exceeded this value at a height of 150 cm. Accordingly, the vertical
difference in air CO; concentration at this site averaged nearly 0.02 vol%. From October
2021 to the end of June 2022, the average difference in air CO, concentration at this site
doubled to 0.04 vol%. Air CO; concentrations were generally lower at the Carapezza site
than at the Rojas site because it is far enough away from the crater cone and the Faraglione
area. Therefore, outdoor air CO, concentrations measured at this site are considered as a
reference for background outdoor air CO, at Vulcano Porto, especially during the quiescent
phase of volcanic activity. In fact, remarkable @CO; fluctuations also occurred at the
Carapezza site after the onset of volcanic unrest in 2021, as shown through discontinuous
measurements of both ¢ CO; and the carbon isotope composition of the soil CO, [45]. The
value of CO, concentration in outdoor air never exceeded the threshold of 5000 ppm vol
at both measurement heights above ground. Although the outdoor air CO, concentration
reached 800 ppm vol a few times from October to November 2021, the gas hazard was
lowest at the Carapezza site compared to the other measurement sites.

The results of continuous monitoring of CO, and outdoor air CO, concentrations
suggest that the gas hazard at Vulcano is an interaction of volcanic degassing, air circulation,
weather variables, and probably plant photosynthesis [11,46]. The combination of these
variables can lead to chemical stratification of the atmosphere near the ground and create a
variety of conditions favorable to gas hazards.

The implementation of the gas hazard monitoring network on Vulcano occurred
several weeks before the onset of a volcanic unrest in 2021, which is still ongoing at the
time of publication of this article. Continuous ¢CO, monitoring results showed an increase
in @CO; that correlated with variations in magma degassing at depth. Notable variations
in CO; occurred from September to December 2021, and a corresponding increase in
outdoor air CO, concentrations was observed at all monitoring sites. These results indicate
a significant increase in gas hazards over a large area of Vulcano Porto. From April 2022
to September 2022, a further increase in the gas hazard occurred due to the increase in
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@CO; and outdoor air CO, concentrations that began a few weeks before the increase in
submarine degassing at Levante beach.

6. Conclusions

This study addresses the implementation of a network of automatic stations for the
continuous monitoring of ¢CO, and outdoor air CO, concentrations to monitor the gas
hazards on the island of Vulcano, Italy. The Vulcano Porto area was selected because it
is most vulnerable to various volcanic hazards due to high human exposure, especially
during the summer, when thousands of tourists visit Vulcano Island for its priceless natural
and scenic heritage.

The results of two soil gas surveys, conducted in 2019 and 2020, respectively, showed a
remarkable @CO; in the area near Faraglione. Both surveys were conducted during a period
of quiet fumarolic-solfataric activity, and the total CO; output was almost indistinguishable
when calculated for the same study area (i.e., 85t d~! and 87 ton d~! in May 2019 and
March 2020, respectively). However, remarkable differences in the spatial variations of
@CO, were observed in the investigated area (i.e., the A, B, and C areas). The results
of these surveys show that gas hazards can evolve in different zones of Vulcano Porto,
although volcanic degassing does not change. ¢CO; affects air CO, concentrations both
outdoors and indoors. Turbulent air movement and weather variables (i.e., air temperature,
atmospheric pressure, and wind) reduce the outdoor gas hazards, especially during a
period of quiet fumarolic-solfataric degassing. However, indoor air CO, concentrations
in anomalous degassing zones (e.g., Faraglione) can reach levels above 0.5 percent by
volume. This threshold, recommended by health authorities, can persist for some minutes,
based on the @CO; value at each site (i.e., ~10 min on average). A sensor-alarm system
allows monitoring localized CO, hazards within buildings. However, at Vulcano Porto,
the broader gas hazard involves both ¢CO, and emitted gas plumes. Monitoring outdoor
CO; concentrations distinguishes site-specific effects from potential hazardous increases. If
certain areas face escalated gas hazards due to volcanic outgassing, temporary population
relocation to less affected zones on the island is preferred. Partial pre-eruption evacuations’
costs exceed post-eruption evacuations’, yet the gas hazard remains significant across
volcanic activity levels.

The implementation of the on-site gas hazard monitoring network began in June
2021 and record measurements began after a period of on-site testing. Since late summer
2021, Vulcano has experienced notable variations in volcanic degassing. This period of
volcanic unrest is ongoing and is associated with an increase in magma degassing at depth.
The ¢CO; increase affected the outdoor air CO; concentration during both periods, from
September 2021 to December 2021 and from June 2022 to September 2022. Variations in the
outdoor air CO; concentration were observed at both the Rojas and Carapezza sites, which
are far from the Faraglione anomalous degassing zone. However, outdoor air CO, concen-
tration did not exceed the 5000 ppm vol threshold at both Porto and Castello, two sites
close to the surface manifestation of volcanic/hydrothermal activity on Vulcano. Therefore,
the air CO, concentration in the anomalous degassing zones is quite independent of ¢CO,,
since its value is permanently high. Far from the anomalous degassing zones, pCO, has
variable effects on outdoor air CO, concentration under unfavorable environmental condi-
tions, even at CO, < ~50 g m~2 d~ . For instance, employing equations derived from the
fitted regression lines specific to Cluster-1 at both the Carapezza and Rojas sites, the CO,
concentration in the outdoor air, measured at a height of 20 cm, reaches concentrations ex-
ceeding 1000 ppm volume when the @CO, falls within the range of 40-50 g m~2 d~!. What
is noteworthy is the fact that this concentration value corresponds to a threshold endorsed
by the Italian Istituto Superiore di Sanita [78], although it remains below the threshold
value of 5000 ppm volume established by Commission Directive 2006/15/EC [42]. Thus,
remarkable variations in gas hazard occurred at Vulcano due to an increase in both ¢CO,
and outdoor air CO; concentration. When volcanic degassing resumed in 2021, the gas
hazard increased throughout the study area. Otherwise, the gas hazard remained at a high
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level during a period of comparatively low volcanic degassing in the Faraglione anomalous
degassing zone.

The volcanic degassing unrest at Vulcano was a suitable case study for monitoring
the evolution of gas hazards in the inhabited zones of a volcanic island. The results of
this experimental study show that the integrated monitoring of ¢CO,, outdoor air CO,
concentration, and weather variables is useful for suggesting appropriate measures to
mitigate the gas hazard and thus reduce volcanic risk dependent on volcanic gas emissions.
In a comprehensive perspective of updating the current volcano monitoring infrastructures,
the gas hazard monitoring network can be further improved either by adding some new
stations or by updating the ground CO; flux stations already deployed at Vulcano.
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