
1. Introduction
Atmospheric CO2 plays a critical role in the greenhouse effect and, along with water vapor, helps maintain an 
appropriate atmospheric temperature that makes Earth a habitable planet. Both the atmosphere and the oceans 
are CO2 sinks (Behrenfeld et al., 2006; Berner, 2003; Bottinga & Craig, 1969; Ciais & Meijer, 1998; Sabine 
et al., 2004). In the long term, increases in seawater temperature promote the release of CO2 from the oceans and 
thus enhance the greenhouse effect (Harries et al., 2001; Lacis et al., 2010; Li & Elderfield, 2013). In the short 
term, the increase in CO2 emissions depends on various human activities (Andrew, 2018; Calvert et al., 1993; 
Hasambeigi et al., 2012; Paraschiv & Paraschiv, 2020; Wimbadi et al., 2021) that increase the concentration of 
CO2 in the air. The recent trend in carbon dioxide emissions has been the subject of many studies, as global warm-
ing leads to more frequent heavy rainfall events, thunderstorms, an increase in air temperature, frequent flooding 
in tropical regions, severe drought events in desert regions, sea level rise, and landslides. These events are an 
expression of the current climate warming (Giorgi et al., 2011, 2018; Hennessy et al., 1997; Rogger et al., 2022; 
Scoccimarro et al., 2013; Torres et al., 2022; Umair et al., 2020; Wu et al., 2020; Xu et al., 2019).

Despite the importance of CO2 in the atmosphere, there are still few direct measurements of CO2 flux, whether 
from anthropogenic or natural sources. Attempts to partition CO2 emissions are based on a combination of 
carbon content in hydrocarbons and fossil fuel consumption statistics (Wimbadi et al., 2021; Yaacob et al., 2020). 
Although several studies have recognized that volcanic CO2 affects air quality, there is relatively little isotope-based 
literature that examine the source of airborne CO2 emissions at high spatial resolution in urban areas (Capasso 
et al., 2019, 2021; Di Martino & Capasso, 2019, 2021 and reference therein). Volcanoes emit large amounts of 
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Plain Language Summary In volcanic areas, the concentration of CO2 in the air increases due 
to the dispersion of volcanic gases, as CO2 dominates among the local gas source components. Identifying 
variations in gas hazard due to changes in volcanic degassing is difficult when estimates of volcanic gases in 
air are based only on measurements of CO2 concentration. In this study, the effects of volcanic degassing on 
airborne CO2 are thoroughly evaluated by analyzing the isotopic composition of airborne CO2 during five onsite 
measurement surveys between August 2020 and November 2021. To quantify the contribution of volcanic CO2 
to total CO2 in air, we developed a model based on the collected data using mass balance calculations. In 2021, 
a massive increase in volcanic degassing caused a clear increase of airborne CO2 concentration at Vulcano. We 
find that the effects of volcanic degassing depend on air turbulence, which changes throughout the day. The 
spatial variations in CO2 allow us to track the dispersion of volcanic gases in the air and their effects on gas 
hazards and atmospheric composition with unprecedented accuracy.
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CO2 through crater plumes (Aiuppa et al., 2019; Burton et al., 2013), fumaroles (Capasso et al., 1997; Chiodini 
et al., 1991; Di Martino, Camarda, et al., 2016; Di Martino et al., 2013, 2021a, 2021b; Federico et al., 2023; 
Italiano & Nuccio, 1992; Paonita et al., 2002), and groundwater (Capasso et al., 2017). Diffuse degassing occurs 
throughout the volcanic edifice (Badalamenti et al., 1988; Carapezza et al., 2011; Di Martino et al., 2020), and 
variations in soil CO2 flux (φCO2) have helped track either fluctuations in volcanic activity at open conduit volca-
noes or the transition to a period of unrest at dormant volcanoes (Camarda et al., 2019; Di Martino, Camarda, 
et al., 2016; Di Martino et al., 2013; Gurrieri et al., 2008, 2021; Melián et al., 2014). Although φCO2 corre-
lates with volcanic activity, φCO2 also occurs in zones of active faulting, suggesting that the Earth's crust has 
some degree of permeability to gases. Therefore, lateral variations in φCO2 have helped to identify hidden faults 
(Camarda et al., 2020) and investigate stress variations in the crust (Camarda et al., 2016).

For several decades, φCO2 has been routinely studied in volcanic areas (Badalamenti et  al.,  1991; Camarda 
et al., 2006a, 2006b; Carapezza & Federico, 2000; Chiodini et al., 1996, 1998; Diliberto et al., 2002), and several 
attempts have been made to partition φCO2 between volcanic and biological origin (Di Martino, Capasso, & 
Camarda, 2016; Di Martino et al., 2020; Viveiros et al., 2020). The estimation of φCO2 is important for both volcano 
monitoring and risk management due to either volcanic unrest or toxic gas emission in poorly ventilated areas. 
Although the stable isotope signature of the local CO2 source can help understand how volcanic emissions affect 
airborne CO2 concentrations (Viveiros et al., 2008), there are few constraints from isotopic monitoring in volcanic 
areas (Di Martino & Capasso, 2019, 2021; Di Martino and Gurrieri, 2022b, 2022a, 2023; Venturi et al., 2019).

Since 1988, researchers have estimated volcanic CO2 in the air on Vulcano either by measuring CO2 concentration 
or by measuring SO2 flux scaled by the CO2/SO2 mass ratio (Tamburello et al., 2011; Vita et al., 2012). The limi-
tation of these approaches arises from the fact that CO2 is the fourth most abundant constituent in the atmosphere, 
making it difficult to detect concentration anomalies relative to the local atmospheric CO2 background. In this 
paper, we discuss the spatial variations of volcanic CO2 in the air using measurements of CO2 concentration inte-
grated by stable isotopes in air CO2 (i.e., δ 13C-CO2 and δ 18O-CO2). The main advantage of using stable isotopes 
in CO2 in addition to CO2 concentration measurements is that volcanic CO2 can be effectively distinguished from 
CO2 in air, because both δ 13C-CO2 and δ 18O-CO2 of volcanic CO2 are different from those of the atmospheric 
CO2 background (Yakir, 2003). This study aims to quantify the effects of changes in volcanic gas emissions on 
atmospheric CO2 at Vulcano, Aeolian Island - Italy. Since late September 2021, volcanic degassing on Vulcano 
has suddenly increased, prompting civil protection authorities to change the alert level from “green” to “yellow.” 
The mitigation of the gas hazard includes several measures in the populated zones of Vulcano Porto. Integrated 
monitoring of φCO2 and airborne CO2 concentrations plays a central role in gas hazard assessment (Camarda 
et al., 2023; Di Martino et al., 2021b; Gurrieri et al., 2022). However, spatial and temporal monitoring of isotopes 
in airborne CO2 allows quantifying the impact of volcanic degassing on air quality and gaining a deeper under-
standing of gas-hazard zones during a period of increasing volcanic degassing. The integrated analysis of stable 
isotopes in CO2 (i.e., carbon and oxygen) allowed the estimation of the volcanic contribution to atmospheric CO2.

2. Study Area
Vulcano, Stromboli, Lipari and Panarea are active volcanoes on the Aeolian Islands in the Tyrrhenian Sea near 
the northern coast of Sicily—Italy (Figure 1), characterized by different types of volcanic activity. Stromboli 
erupts shoshonitic magma through almost continuous strombolian explosions, while Panarea shows sudden gas 
releases interrupting the quiet submerged degassing. Vulcano exhibits medium energy explosions (i.e., VEI 
ranges from 2 to 3) that interrupt quiescent degassing. The NW–SE oriented Tindari-Letojanni fault system 
(Figure 1b) vertically conducts both fluids and magma onto Vulcano (Barreca et al., 2014; Chiarabba et al., 2008; 
De Astis et al., 2003, 2013; Forni et al., 2013; Palano et al., 2012). The extinct eruptive centers on Vulcano show 
an orientation consistent with this fault direction. The La Fossa cone was formed after the most recent eruptions 
in the Fossa caldera and is located at the intersection of the Tindari-Letojanni and the conjugate NE–SE fault 
systems. The last eruption at La Fossa crater of Vulcano occurred between 1888 and 1890 and marked the tran-
sition to the present solfataric activity.

Fumaroles at La Fossa crater, Levante beach, and Faraglione, as well as thermal groundwater, are some of the 
manifestations of volcanic fluids that rise on Vulcano (Chiodini et al., 1998; Nuccio et al., 1999). Mud pools and 
sulfur deposits occur near Faraglione. The φCO2 in the La Fossa caldera zone sometimes has a carbon isotope 
signature similar to the fumarolic CO2 in the crater (Capasso et al., 1997; Paonita et al., 2002). Anomalous zones 
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of φCO2 have a stable position at Faraglione and Palizzi (Camarda et al., 2006a, 2006b), although remarkable 
variations in φCO2 magnitude have been systematically correlated with changes in volcanic degassing. More 
specifically, significant increases in φCO2 (i.e., 10%–50% compared to CO2 emissions from the crater) occurred 
at these anomalous degassing zones, coinciding with “crises” that interrupted the solfataric degassing of La Fossa 
volcano (Chiodini et al., 1996, 1998; Granieri et al., 2006; Nuccio et al., 1999; Paonita et al., 2013).

The stable isotopic composition of CO2 in air helps track variations in the local sources of gas emissions 
(Di Martino and Gurrieri, 2022a, 2022b).

Volcanic gas dispersion depends on air turbulence, which is influenced by insulation, albedo, wind speed, and 
wind direction. Primarily, wind speed indicates the degree of air turbulence, while wind direction affects CO2 

Figure 1. (a) Route through the village of Vulcano Porto on the island of Vulcano; the light blue line shows the planned route for the August 2020 to November 2021 
surveys. In addition to the usual route followed during previous surveys, the additional routes marked with blue color were followed in November 2021. Basemap DEM 
from Tinitaly (Tarquini et al., 2023). The main crater fumarolic field (CFF), the minor fumarolic area (MFF) in the crater cone and the fumarolic field at Levante beach 
(LBFF) are shown; (b) the island of Vulcano and the Aeolian Archipelago in the Tyrrhenian Sea, north of the island of Sicily, Italy. TLFS shows the Tindari-Letojanni 
fault system; (c) the mobile laboratory equipped with Thermo Fisher Scientific's Delta RayTM and instruments during the survey on Vulcano.
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concentration in different zones of the island. Several aspects of the island of Vulcano can affect air circulation 
and have dramatic effects on air quality. First, the island of Vulcano hosts the active volcano La Fossa, which is 
a strong source of volcanic CO2 and other chemical compounds (e.g., sulfur dioxide, SO2, and hydrogen sulfide, 
H2S) that can be toxic to island residents. In addition, the differential heating of land and sea water results in a 
cyclic wind pattern that drives air from sea to land during the day. At night, the wind is said to reverse and blow 
from the land to the island and back to the sea. However, this schematic pattern in the inhabited zone of Vulcano 
Porto is further complicated by the morphology of the caldera. In fact, the inhabited zone of Vulcano Porto 
develops between the flank of the volcanic cone to the south-east and Mount Lentia to the west, at the foot of a 
canyon-like topographic structure that does not facilitate air circulation. CO2 has a density higher than air, so it 
can accumulate in the lower layers of the atmosphere and reach high concentrations near the ground. In addition, 
CO2 is an odorless gas and therefore poses a greater hazard than H2S, another volcanic gas component released 
on Vulcano (Carapezza et al., 2011). Although CO2 rarely reaches concentrations greater than 1,000 ppm vol in 
the air due to non-volcanic processes, only the stable isotopic signature of CO2 can provide information about its 
origin in the air (i.e., biogenic, anthropogenic, and volcanic CO2).

3. Materials and Methods
3.1. Instrument Setup

The instrument used to acquire data discussed in this paper is a Delta Ray—Thermo Fisher Scientific. It measures 
the concentration of the isotopologues  13COO,  12COO, and CO 18O based on the strength of adsorption of light 
in the mid-infrared region (∼4.3 μm) according to the Lambert-Beer law. Both the  13C/ 12C and  18O/ 16O ratios are 
calculated by different concentration ratios of the isotopologues, while the total CO2 concentration is obtained 
by summing the concentration of the three CO2 isotopologues. The stable isotope ratios refer to the Vienna Pee 
Dee Belemnite (VPDB) international standard and are expressed by the δ-notation (i.e., δ 13C-CO2 and δ 18O-CO2, 
respectively) in the CO2 concentration range of 200–3,500 ppm vol.

The Delta Ray instrument is supplied with the QTegra software. A specially designed template includes proto-
cols for recording δ 13C-CO2, δ 18O-CO2, and CO2 concentration values, as well as information on the list of 
samples, acquisition parameters, referencing, evaluation settings, and sample definition. Instrument calibration 
and referencing of measurements against two working standards provides ±0.25 ‰ accuracy for isotope deter-
minations and ±1 ppm vol accuracy for CO2 concentration measurements. The QTegra software performs instru-
ment calibration based on one of two working standards (Table S1 in Supporting Information S1) and establishes 
a correlation between adsorption strength and concentration by diluting with CO2-free synthetic air. A second 
calibration procedure allows correlation of the raw δ 13C-CO2 and δ 18O-CO2 values with the expected range of 
isotopic composition of the unknown gas sample by using a second working standard (Table S1 in Supporting 
Information S1).

The instrument records each measurement of δ 13C-CO2 and δ 18O-CO2 at a frequency of 1 Hz. Prior to data acqui-
sition, the instrument performs isotope ratio referencing on the working standards at a fixed CO2 concentration 
(i.e., CO2 = 400 ppm vol.; 720 mg m −3) that approximates background CO2 in the air. After the unknown air 
sample is purged for 60 s, the instrument skips the purge and measures the concentration of CO2 isotopologues 
in the air. Once the air has purged the gas inlet, the instrument calculates δ 13C-CO2 and δ 18O–CO2 as well as CO2 
concentration.

3.2. Measurement Strategies

An off–road vehicle housed the instrument, the gas tank (i.e., both the δ 13C-CO2 and δ 18O-CO2 working standards 
and the CO2-free synthetic air), and the equipment to measure δ 13C-CO2, δ 18O-CO2, and airborne CO2 concentra-
tions during the studies on Vulcano. The positioning of the vehicle was recorded by a global positioning system 
device (GARMIN GPSMAP® 64s) time synchronized with the Delta Ray's internal clock.

An inverter (12 V input-output, pure sine wave) was connected to the car's electrical system, which supplied power 
to the instrument (∼300 W). A stainless-steel capillary (1/16 in.; Swagelok-type™, 3 m long) was connected to 
the inlet of the instrument, while the other side of the tube was attached to the front of the car roof (∼2.3 m 
above  the ground) to avoid possible contamination from the gasoline engine exhaust. The air was passed through 
a filter (2 μm, 1/16 in, capillary aperture) to avoid contamination from dust moving through the roads.
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A route of about 20 km was designed in the laboratory, using the island's roads and some accessible 
off-road path, covering different environments of the caldera such as coastal areas, cone flanks and resi-
dential areas (i.e., Vulcano Porto, including the base of Lentia, Discarica, Palizzi, Rimessa, Faraglione, 
Istmo, and Vulcanello). The course of the route was planned in such a way that the segments of the 
route do not overlap, so as not to increase the statistical weight of some route segments over others. The 
route was closely followed using a routing application (e.g., Google Maps). Each survey was completed 
in 2 hours of continuous measurements, and the spatial density of measurements corresponded to the 
metric order scale (∼3  m average distance between measurements). The data set includes ∼21200 
georeferenced measurements for δ 13C-CO2, δ 18O-CO2, and CO2 concentration, respectively (Di Martino 
and Gurrieri, 2022a, 2022b). Since August 2020, five surveys have been conducted at Vulcano to test 
and refine the measurement method. In August 2020 and June 2021, the measurements allowed us to 
study the dispersion of volcanic CO2. The results of this investigation will allow comparison with the 
data set collected in October and November 2021, when degassing had already increased.

3.3. Data Processing Approach

The data obtained through the onsite measurements were processed using the Keeling plot approach and 
mass balance models for oxygen and carbon isotopes.

The Keeling plot allows identification of the dominant source of CO2 at the local scale using observational 
data. The mass balance model for oxygen and carbon isotopes aims to quantify the impact of the CO2 
source on the air at the local scale. The algebraic equations of the model were developed as part of this 
study and are described in the section of this paper dealing with the assessment of volcanic CO2 in the air 
at Vulcano Porto (see Section 5.2). This approach combines measurements of the stable isotopes of CO2 
in the air with isotopic signatures of both the local CO2 source (Table S2 in Supporting Information S1), 
as determined by the Keeling plot method (Keeling, 1958), and CO2 in the background air. The theoretical 
results of the model allow the CO2 in the air to be partitioned between the local background air and the CO2 
source. In the specific case of Vulcano Island, we focused on the assessment of volcanic CO2, since this is 
the main source of CO2 in the air of Vulcano Porto. The measurements used in the theoretical results of the 
model (i.e., see Equation 10 of this study) provide the volcanic CO2 concentration (CV) point by point of 
the path. After this calculation, the interpolation of the CV values using the Kriging algorithm with spher-
ical autocorrelation model provided simulations of volcanic CO2 dispersion. This algorithm provided the 
prediction layer for δ 13C-CO2, δ 18O-CO2, CO2 concentration, and CV based on the assumption that each 
interpolating variable changes linearly with the distance between adjacent measurements. The spherical 
model has the advantage that the interpolation asymptotically reaches the autocorrelation distance (i.e., the 
distance at which two adjacent measurements are statistically uncorrelated). Using the spherical model in 
this study, we based on the assumption that spatial distribution of measurements is fairly homogeneous on a 
metric scale, which is consistent with the expected magnitude of spatial variations in atmospheric variables 
at the local scale (Oke et al., 2017). Simulations of stable isotope variables, airborne CO2 concentration, 
and volcanic CO2 dispersion were performed using the Quantum GIS software package.

4. Results
In 2021, Vulcano experienced a significant increase in volcanic outgassing (Aiuppa et  al.,  2022; 
Di Martino et al., 2022; Federico et al., 2023; Inguaggiato et al., 2022). Although Vulcano has not yet 
produced a volcanic eruption, the Italian civil protection authorities (DPC) prohibited access to some 
zones of the island where high φCO2 caused a sharp increase in the gas hazard. Soil gas measurements 
showed that φCO2 levels increased almost 10 times their original value from September to November 
2021 at Vulcano Porto (Di Martino et al., 2022).

This study shows the results of five surveys conducted on the island of Vulcano to measure the spatial 
variations of CO2 in the air before and during the volcanic crisis in 2020 and 2021, respectively. Table 1 
provides a statistical summary of the data discussed in this study and an overview of the wind speed 
during each survey (i.e., average wind speed by Vita F., personal communication), while the CO2 data-
base is available online (Di Martino & Gurrieri,  2022a). These surveys were conducted under wind 
speed in the range of light air (i.e., from 0.15 to 0.36 m s −1), while the average value of the wind speed 
during our survey was 0.24 m s −1.Su
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4.1. δ 13C of the Air CO2 and CO2 Concentration

Measurements of δ 13C-CO2 and δ 18O-CO2 are used to assess the hazards associated with variations in airborne 
CO2 concentrations and the societal consequences of increasing volcanic degassing. The δ 13C-CO2 value exhib-
ited significant spatial variations during each survey on Vulcano, and the average value of airborne CO2 concen-
tration was significantly higher during the 2021 crisis compared to those of the pre-crisis period. Figure  2a 
shows the statistics of CO2 concentration in air on 5 August 2020 (dashed bars) in comparison with δ 13C-CO2 
(filled bar). Measurements were carried out during the day (i.e., between 8:37 and 10:00 a.m. local time) and 
the most abundant δ 13C-CO2 values indicate that carbon of CO2 was slightly less  13C-depleted (i.e., −8.5‰ vs. 
VPDB) than standard air. In this paper, the value of 741 mg m −3 (i.e., CO2 concentration = 412 ppm vol) was 
chosen for the CO2 concentration of standard air with δ 13C-CO2 = −8.0‰ versus VPDB and δ 18O-CO2 = −0.1‰ 
versus VPDB as its nominal isotopic signature. The selection of these values in the CO2 distribution model 
(i.e., see Section 5.2 of this study) leads to a conservative estimate of volcanic CO2 in the air of Vulcano Porto. 
The distribution of the data set shows that ∼75% of the CO2 concentration values were lower than 420 ppm vol 
(720 mg m −3), while a few percent (i.e., <2%) were higher than 450 ppm vol (810 mg m −3), up to 456 ppm vol. 
The comparison with the value of standard air shows that the local CO2 source influences the CO2 concentra-
tion in the air on Vulcano. The nearly symmetric distribution of δ 13C-CO2 indicates that both less  13C-depleted 
(i.e., volcanic CO2) and more  13C-depleted (i.e., human-caused CO2 emissions) contribute to CO2 in the air on 
Vulcano. Human-caused CO2 emissions are not expected to significantly pollute the air on Vulcano. However, 
the growing population on the island and traffic with internal combustion engines may pollute the air on Vulcano 
during the summer months. A power plant that supplies ∼180 KW to the island of Vulcano is located at Piano 
delle Baracche and emits CO2 into the atmosphere from the combustion of hydrocarbons. The δ 13C-CO2 data 
set shows that a  13C-enriched CO2 source influenced the spatial variations of CO2 in the air (Di Martino & 
Gurrieri, 2022a). In August 2020, CO2 concentrations slightly higher than standard air were almost ubiquitous at 
Vulcano Porto. The highest concentrations were found in a broad zone near Lentia, in some areas in the central 
part of Vulcano Porto, and in Vulcanello. CO2 concentrations exceeded 420 ppm vol. at Porto and Faraglione. 
The data set collected on 16 June 2021 during two surveys allows a comparison between the morning hours (i.e., 
from 10:44 to 12:22 local time) and the late afternoon (i.e., from 17:53 to 19:24 local time) for the δ 13C-CO2. The 
two-peaked distribution of δ 13C-CO2 values during the morning hours (Figure 2b) has the less  13C-depleted peak 
consistent with the carbon isotope composition of standard air (i.e., δ 13C-CO2 = −8‰ vs. VPDB).

The second peak has a more negative δ 13C-CO2 value, indicating a local CO2 source with a more negative 
δ 13C-CO2 signature. Data collected in the afternoon show a unique peak with a δ 13C-CO2 signature lower than 
that of standard air, with a long tail end to δ 13C-CO2 ≈ −14‰ vs. VPDB. Figure 3b shows a punctuated spatial 
variation of CO2 concentration in the air at Vulcano Porto, where several zones of high concentration are seen 
during the morning hours, while two rather homogeneous zones of high concentration persisted during the after-
noon period (Figure 3c). The spatial variations in air CO2 concentration reveal differences in the stability of the 
lower atmospheric layer in the morning and afternoon. Solar radiation promotes air turbulence in the morning 
hours due to atmospheric warming. The air turbulence disturbs the stratification of the residual layer (RL) formed 
during the night and contributes to the dispersion of volcanic CO2. Accordingly, in the afternoon of June 2021 
the average value of the wind speed was 0.23 m s −1, that was lower than 0.36 m s −1 that was measured in the 
morning (Table 1).

The statistics from the δ 13C-CO2 data set collected during the October 2021 survey (Table 1) show differences 
compared to previous surveys. Figure 2d shows a distinct peak consistent with the δ 13C-CO2 of the standard air, 
as in the data set collected in August 2020 and the afternoon of June 2021. However, the δ 13C-CO2 data set shows 
a positive ending to less negative values, which is due to the local CO2 source having a less  13C-depleted isotopic 
signature. In addition, ∼85% of the measurements show values of CO2 concentration in the range of 415–440 ppm 
vol (i.e., 747–792 mg m −3) and ∼10% higher than 450 ppm vol (810 mg m −3). Figure 3c shows selectively high 
CO2 concentration values throughout the Vulcano Porto area. Several zones considered hazardous due to high 
CO2 concentration were observed in Porto, Faraglione, Camping Sicilia, Piano delle Baracche and in the rural 
area of Discarica. The  13C-depleted signature of CO2 is expected to be conserved. The carbon isotopic signature 
of CO2 produced from hydrocarbon combustion exhibits a typical  13C-depleted carbon (δ 13C-CO2 from −30‰ to 
−40 ‰ vs. VPDB) either from combustion engines or electric power plant. In this case, the studies conducted on 
Vulcano would show a more depleted signature of CO2 in the air in the case of pollution effects from hydrocarbon 
combustion. In contrast, the less  13C-depleted CO2 in air was detected by the pathway at Piano delle Baracche, 
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Figure 2. Statistics of δ 13C-CO2 and CO2 concentration in air. Bottom horizontal axis shows values of CO2 concentration; top horizontal axis refers to δ 13C-CO2. (a) 
δ 13C-CO2 (yellow filled bars) and CO2 concentration in air (yellow dashed bars) measured on 5 August 2020 between 8:37 and 10:00 local time. (b) δ 13C-CO2 (green 
filled bars) and air CO2 concentration (green dashed bars) measured on 16 June 2021 between 10:44 to 12:22 local time. (c) δ 13C-CO2 (purple filled bars) and CO2 
concentration (purple dashed bars) in air collected by meridian (i.e., from 17:53 to 19:24); (d) δ 13C-CO2 (orange filled bars) and air CO2 concentration (orange dashed 
bars) measured on 19 October 2021 from 9:59 to 12:24; (e) δ 13C-CO2 (blue filled bars) and air CO2 concentration (blue dashed bars) measured on 24 November 2021 
from 9:19 to 12:31.
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Figure 3. CO2 concentration in the air at Vulcano, Italy. The limit of 380 ppm vol was used to achieve 100% transparency. Basemap DEM from Tinitaly (Tarquini 
et al., 2023) for all maps. (a) CO2 concentration of air on 5 August 2020; (b) CO2 concentration of air on 16 June 2021 (from 10:44 to 12:22 local time); (c) CO2 
concentration of air on 16 June 2021 (from 17:53 to 19:24 local time); (d) CO2 concentration of air on 19 October 2021; (e) CO2 concentration of air on 24 November 2021.
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showing that the impact of the human-caused emissions during the period of the volcanic degassing crisis can 
be neglected. We conclude that CO2 emissions from the ground mixed with CO2 from the crater plume that fell 
through the flanks of the volcanic cone during the degassing crisis in 2021.

The local CO2 source with a less  13C-depleted isotopic signature persisted into November 2021. Figure 2e shows 
that δ 13C-CO2 has a small peak at δ 13C-CO2 ≈ −5‰ and ∼50% of the data set has δ 13C-CO2 values higher than 
the reference standard air. The data set collected in November 2021 shows the most abundant value consistent 
with δ 13C-CO2 ≈ −8‰. Both the October and November 2021 datasets are characterized by high average CO2 
concentrations (Table 1). In November, ∼98% of the concentration measurements showed values >420 ppm vol 
(756 mg m −3) and ∼10% were higher than 450 ppm vol (810 mg m −3). From the south of Discarica to Vulcanello, 
CO2 concentration was high everywhere and two sites with very high CO2 concentration (>500 ppm vol) were 
located in the zone between Camping Sicilia and Piano delle Baracche and at Faraglione (Figure 3e).

Irregular and sudden spatial variations of δ 13C-CO2 in CO2 of the air at Vulcano Porto distinguish the results of 
the surveys conducted in October and November 2021 (Figures 4d and 4e) from those of the August 2020 surveys 
(Figure 4a) and from the two surveys carried out on 16 June 2021 (Figures 4b and 4c). Figure 4a shows that CO2 
near the base of Mount Lentia (δ 13C-CO2 = −6.8‰) is less  13C-depleted than standard air (δ 13C-CO2 = −8.0‰), 
while CO2 in air NNW of the Faraglione zone, is more  13C-depleted compared to CO2 in standard air. On the morn-
ing of 16 June, spatial variations of δ 13C-CO2 in the air at Vulcano Porto show an almost NS elongated area with 
less  13C-depleted values than the standard air. In the afternoon of the same day, measurement of the air CO2 showed 
comparable δ 13C-CO2 values with those of standard air at Faraglione, while δ 13C-CO2 values in the entire Vulcano 
Porto zone were  13C-poorer than those of standard air. The spatial variations of δ 13C-CO2 in October and Novem-
ber 2021 were different from those observed in June 2021 and August 2020. In particular, in October 2021, CO2 
in the air near Piano delle Baracche was less  13C-depleted, and δ 13C-CO2 values were similar to those measured at 
Faraglione. This result suggests an isotopic forcing of CO2 in the air due to volcanic degassing caused by a combi-
nation of increased CO2 emissions from the soils and the dispersion of volcanic plume. The November 2021 spatial 
survey yielded a similar result, with measured δ 13C-CO2 values less depleted of  13C (i.e., δ 13C-CO2 = −6.5‰) than 
standard air. In particular, the least  13C-depleted values were measured in the area between Camping Sicilia and 
Mount Lentia. The latter represents an effective topographic barrier to air circulation within the La Fossa caldera.

In summary, a comparison between the statistics (Figure 2) and the spatial variations of the CO2 content of the 
air at Vulcano Porto (Figure 3) shows that the CO2 concentration has changed significantly in the period 2020 
to 2021. The main changes were (a) the increase in CO2 concentration in October 2021, (b) remarkable spatial 
variations in δ 13C-CO2 throughout the Vulcano Porto caldera (Figure 4), and (c) variations in CO2 dispersion 
during the day on 16 June 2021.

4.2. δ 18O of the CO2 in the Air

Figure 5 shows the statistics of δ 18O in air CO2 during the five surveys conducted at Vulcano Porto (filled bars) 
compared to CO2 concentration (dashed bars) from 2020 to 2021. Several variations in δ 18O-CO2 occurred during 
this time window, but the most significant change concerns the distribution of the data set collected in 2021.

Throughout the period of observation, the most common value was δ 18O-CO2 = ∼−3‰, indicating that the CO2 
content of the air on Vulcano was significantly  18O-depleted compared to the CO2 of the standard air in equilib-
rium with oceanic water (i.e., δ 18O = ∼−0.1‰, Keeling, 1961). The distribution of the other values is almost 
symmetrical to the most abundant value.

Figure 5a shows that the δ 18O-CO2 value in 2020 has a smoothed, bifurcated distribution with two peaks that 
have similar abundance (i.e., ∼0.08). Both the more  18O-depleted peak (i.e., δ 18O-CO2  ≈  −4.0‰) and the 
less  18O-depleted peak (i.e., δ 18O-CO2 ≈ −1.0‰) are more negative than the standard CO2 in air at equilib-
rium with oceanic water. The negative ending tail of CO2 depleted in  18O suggests that volcanic CO2 with 
δ 18O-CO2 ≈ −11.6‰ (Capasso et al., 1997; Chiodini et al., 2000) affects the oxygen isotopic composition of CO2 
in air at Vulcano Porto. This result is consistent with the less  13C-depleted CO2 that the air at Vulcano had during 
the same survey. The other values show a relative peak at δ 18O-CO2 ≈ −1.3‰ and a positive ending tail toward 
less  18O-depleted values corresponding to CO2 in the air in equilibrium with seawater.

A lower  18O-depletion in CO2 was observed in October 2021 (Figure 5d), when δ 18O-CO2 ≈ −1.5‰ was the most 
common value. The data set shows a positive termination toward less  18O-depleted values and some zones showed 
rather  18O-enriched CO2 (i.e., ∼1% of the data set). A few positive values of δ 18O-CO2 (<1%) were measured 
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Figure 4. Spatial variations of δ 13C-CO2 through the pathway at Vulcano Porto, Italy. Basemap DEM from Tinitaly (Tarquini et al., 2023) for all maps. (a) δ 13C-CO2 in 
the air on 5 August 2020; (b) δ 13C-CO2 in the air on 16 June 2021 (from 10:44 to 12:22 local time); (c) δ 13C-CO2 in the air on 16 June 2021 (from 17:53 to 19:24 local 
time); (d) δ 13C-CO2 in the air on 19 October 2021; (e) δ 13C-CO2 in the air on 24 November 2021.
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Figure 5. Statistics of δ 18O-CO2 and CO2 concentration in air. Bottom horizontal axis shows values of CO2 concentration; top horizontal axis refers to δ 13C-CO2. 
(a) δ 18O-CO2 (yellow filled bars) and CO2 concentration in air (yellow dashed bars) measured on 5 August 2020 from 8:37 to 10:00 local time. (b) δ 18O-CO2 (green 
filled bars) and air CO2 concentration (green dashed bars) measured on 16 June 2021 from 10:44 to 12:22. (c) δ 18O-CO2 (purple filled bars) and air CO2 concentration 
(purple dashed bars) measured on 16 June 2021 by meridian (i.e., from 17:53 to 19:24); (d) δ 18O-CO2 (orange filled bars) and air CO2 concentration (orange dashed 
bars) measured on 19 October 2021 from 9:59 to 12:24; (e) δ 18O-CO2 (blue filled bars) and air CO2 concentration (i.e., blue dashed bars in Figure 4e) measured on 24 
November 2021 from 9:19 to 12:31.
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during the November 2021 survey, when the δ 18O-CO2 shows three peaks in the data distribution (Figure 5e). The 
most common value of δ 18O-CO2 for the less  18O-depleted grouping corresponds to δ 18O-CO2 ≈ −1.0‰, which 
is more  18O-depleted than air CO2 at equilibrium with ocean water (i.e., δ 18O-CO2 ≈ −0.1 ‰), while the other 
two notable peaks are δ 18O-CO2 ≈ −2.5‰ and δ 18O-CO2 ≈ −6.5‰. This observation indicates that Figure 5b 
shows a negative termination of δ 18O-CO2 from −6.0 ‰ to −8.0 ‰, approaching the δ 18O values of volcanic 
CO2. These subsets of measurements could have been affected to varying degrees by volcanic CO2.

In summary, comparison of atmospheric CO2 concentration and stable isotope composition statistics showed that 
the pattern of δ 18O-CO2 changed during the period from 2020 to 2021. The spatial variations of δ 18O-CO2 values 
along the Vulcano Porto route are shown in Figure 6. In the La Fossa caldera, some variations were observed 
during each survey, with strongest changes in δ 18O-CO2 in the time domain (Figures 6a–6e). The least depleted 
δ 18O values (i.e., δ 18O-CO2 > −2.0 ‰) were measured at Porto, Faraglione, and the eastern part of the target zone. 
The lowest δ 18O values (i.e., δ 18O-CO2 < −4.0 ‰) were observed at Vulcano Porto, Lentia, Discarica, and Sara-
ceno. Smoothed spatial variations were observed on 5 August 2020, when CO2 was at its least  18O-depleted levels 
throughout the study area (Figure 6a). In June 2021, atmospheric CO2 was less depleted in  18O and the most nega-
tive δ 18O-CO2 values were measured near Lentia during the morning survey (Figure 6b). The δ 18O-CO2 showed 
fewer negative values during the afternoon (Figure 6c). The results of these two surveys illustrate the influence of 
photosynthesis on diurnal patterns of δ 18O-CO2 at Vulcano Porto. Due to plant discrimination of  18O (Flanagan 
et al., 1997; Park & Epstein, 1960), less  18O removal in atmospheric CO2 occurs during photosynthesis. At night, 
when three leaves release CO2, δ 18O-CO2 shift to  18O-depleted values. A comparison between morning and after-
noon δ 18O-CO2 values shows the effects of photosynthesis on the stable isotopic composition of CO2 in the air. 
These results are consistent with an increase in the photosynthetic signal on airborne CO2, which is consistent 
with an increase in net primary production in June 2021 compared to August 2020. Spatial variations of δ 18O-CO2 
in October 2021 differed from those observed in previous surveys (Figure 6d). The less  18O-depleted values were 
found at Vulcanello, Discarica, and Lentia, while the highest depletion of CO2 in  18O was measured at Porto 
(Figure 6d). The results of the survey conducted in November 2021 show similar lateral variations of δ 18O-CO2 as 
those observed in October 2021. The δ 18O-CO2 was less  18O-poor in Faraglione and Porto, where the δ 18O-CO2 
was similar or slightly  18O-enriched compared to air CO2 in equilibrium with seawater. Moreover, some remark-
able differences are evident in November 2021 compared to October 2021. Indeed, the strongest  18O-depletion 
of air CO2 was observed at Piano delle Baracche, Camping Sicilia, Discarica, and Saraceno zones. As mentioned 
above, the oxygen fractionation of atmospheric CO2 in the tree leaves occurs through photosynthesis. The distri-
bution of vegetation on Vulcano is fairly homogeneous and no significant spatial variations in oxygen isotope frac-
tionation are expected. Arguably, the observed variations are due to a local CO2 source that has a distinct oxygen 
isotope signature. Variations in δ 18O-CO2 may also be due to changes in the hydrology of the regions, which could 
be plausible on a longer time scale (i.e., several weeks or several months). However, only a few hours are required 
for each survey, and the duration of the measurement can be considered instantaneous for all practical purposes. 
Therefore, the lateral variations of δ 18O-CO2 on Vulcano cannot be fully explained by photosynthetic effects.

5. Discussion
Several studies have pointed out the effects of volcanic emissions on the chemical composition of the atmosphere. 
This study aims to evaluate the effects of volcanic degassing on the concentration of CO2 in the air at Vulcano 
Porto using stable isotopes in CO2. The isotopic signature of volcanic CO2 helps quantify the effects of variations in 
volcanic degassing on airborne CO2 concentrations. Previous studies have observed a clear correspondence between 
local CO2 source and airborne CO2 through measurements of δ 13C-CO2 (Di Martino & Capasso, 2021; Di Martino 
& Gurrieri, 2022b), while δ 18O-CO2 has helped to assess CO2 fractionation during transport from sources to sinks.

5.1. Source of the Air CO2

The Keeling plot approach helps investigate the predominant source of CO2 in the air by using δ 13C-CO2 versus 
the reciprocal of CO2 concentration (Keeling, 1958). This approach results from the mass balance when a local 
CO2 source increases the concentration from the atmospheric background. The mathematical formulation of this 
model includes the following equations:

𝐶𝐶𝑚𝑚 = 𝐶𝐶𝑎𝑎 + 𝐶𝐶𝑠𝑠 (1)

and
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Figure 6. Spatial variations of δ 18O–CO2 through the pathway at Vulcano Porto. Basemap DEM from Tinitaly (Tarquini et al., 2023) for all maps. (a) δ 18O–CO2 
measured on 5 August 2020 from 8:37 to 10:00 local time. (b) δ 18O–CO2 measured on 16 June 2021 from 10:44 to 12:22; (c) δ 18O–CO2 from 17:53 to 19:24, (d) δ 18O–
CO2 measured on 19 October from 9:59 to 12:24; (e) δ 18O–CO2 measured on 24 November 2021 from 9:19 to 12:31.
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𝛿𝛿
13
𝐶𝐶𝑚𝑚 ⋅ 𝐶𝐶𝑚𝑚 = 𝛿𝛿

13
𝐶𝐶𝑎𝑎 ⋅ 𝐶𝐶𝑎𝑎 + 𝛿𝛿

13
𝐶𝐶𝑠𝑠 ⋅ 𝐶𝐶𝑠𝑠 (2)

where C and δ 13C are the CO2 concentration and the δ 13C-CO2, respectively. The indices m, a, and s refer to the 
measured values, atmospheric background, and local source, respectively.

The linear combination of the above equation yields a straight line in the δ 13C versus 1/C plot (Keeling, 1958; 
Pataki et al., 2003), which has the following equation:

𝛿𝛿
13
𝐶𝐶𝑚𝑚 =

𝐶𝐶𝑎𝑎

𝐶𝐶𝑚𝑚

(

𝛿𝛿
13
𝐶𝐶𝑎𝑎 − 𝛿𝛿

13
𝐶𝐶𝑠𝑠

)

+ 𝛿𝛿
13
𝐶𝐶𝑠𝑠 (3)

Equation 3 provides the carbon isotope composition of the local CO2 source when both the background and 
CO2 sources are constant throughout the observation period. Figure 7 shows the Keeling plots of the data set 
collected in five surveys. The straight lines in this diagram represent the mixing between current atmospheric 
CO2 and CO2 from several local sources (Table S2 in Supporting Information S1), such as volcanic CO2 from 
gas plumes (i.e., δ 13C-CO2 = −0.2‰ at Vulcano; Capasso et al., 1997; Chiodini et al., 1998), soil respired CO2 
at Vulcano Porto (average value at Vulcano Porto δ 13C-CO2 = −15‰; Di Martino & Gurrieri, 2022a, 2022b; 
Di Martino, Camarda, et  al.,  2016; Di Martino, Capasso, & Camarda,  2016; Di Martino et  al.,  2020), and 
human-related CO2 (average values of CO2 from fossil fuel combustion in Palermo, which can be consid-
ered representative of Sicily and the Aeolian Islands, are δ 13C-CO2  =  −39‰; according to Di Martino & 
Gurrieri, 2022a, 2022b).

The different CO2 sources have different carbon isotope signatures and form mixing lines with the local back-
ground, each with a specific slope (i.e., CO2 from natural gas combustion, fossil fuel combustion, soil respi-
ration, volcanic plume, and atmosphere-ocean interaction). CO2 concentration shows a linear correlation with 
δ 13C-CO2, while the slopes of the straight lines varied over time. In August 2020 (Figure 7a) and June 2021 
(Figures  7b and 7c), CO2 concentration shows normalized values (i.e., against Holocene pre-industrial back-
ground CO2 = 684 mg m −3, corresponding to 348 ppm vol, according to Clark-Thorne & Yapp, 2003) in the 
range of 0.65–0.95, which was narrower than the range measured in October 2021 (Figure 7d) and November 
2021 (Figure 7e). In addition, the data set collected during the morning survey in June 2021 has a wider range 
than the CO2 concentration observed in the afternoon of the same day. Figure 7 clearly shows that the spatial 
variations of CO2 in the air on Vulcano have several causes, including soil respiration and human-related CO2 
production from fossil fuel combustion. Sporadically, CO2 concentrations in the air rise significantly (i.e., >30%) 
above background levels due to these gas sources. An increase in CO2 production caused either by the influx of 
tourists to the island of Vulcano (i.e., during the summer months) or by the combustion of hydrocarbons to heat 
houses may be responsible for these fluctuations. Notable changes occurred in 2021, when the less  13C-depleted 
signature of CO2 in the air clearly shows that the increase in CO2 concentration correlates with a resumption of 
volcanic degassing (Aiuppa et al., 2022; Di Martino et al., 2022; Federico et al., 2023; Inguaggiato et al., 2022). 
During this period, there was a remarkable increase in CO2 concentration due to plume dispersion and φCO2.

5.2. Estimation of the Volcanic CO2 in the Air

An appropriate mass balance model for CO2 in air includes both isotopic variables and concentration. Using 
literature values for δ 13C-CO2 and δ 18O-CO2 of standard air (i.e., δ 13C-CO2 = −8‰ and δ 18O-CO2 = −0.1‰ 
Keeling, 1961) and those of CO2 from volcanic origin on Vulcano (i.e., δ 13C-CO2 = −0.2‰, δ 18O-CO2 = −11.6‰; 
Capasso et al., 1997; Chiodini et al., 1998), an isotopic mass balance model includes four unknowns (i.e., back-
ground air CO2 concentration, CO2 concentration in the volcanic plume, air CO2 mixing fraction and volcanic 
CO2 mixing fraction). The model consists of the following equation for the CO2 concentration in the air

𝐶𝐶𝑚𝑚 = 𝑋𝑋𝑎𝑎 ⋅ 𝐶𝐶𝑎𝑎 +𝑋𝑋𝑉𝑉 ⋅ 𝐶𝐶𝑉𝑉 (4)

where C is the CO2 concentration and X the mixing fraction between volcanic and air CO2; the indices m, a, and 
V refer to measured, background and local volcanic CO2 sources, respectively. In this model, we assume that (a) 
volcanic degassing significantly increases the CO2 concentration relative to background and (b) volcanic emis-
sions are the dominant local source of CO2, at least during a crisis. According to the last assumption, the binary 
mixing equation for the relative weights of CO2 from volcano and from the air is as follows:

𝑋𝑋𝑎𝑎 +𝑋𝑋𝑉𝑉 = 1 (5)
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Similarly, the following equations describe the isotopic mass balance model for carbon

𝛿𝛿
13
𝐶𝐶𝑚𝑚 ⋅ 𝐶𝐶𝑚𝑚 = 𝛿𝛿

13
𝐶𝐶𝑎𝑎 ⋅ 𝐶𝐶𝑎𝑎 ⋅𝑋𝑋𝑎𝑎 + 𝛿𝛿

13
𝐶𝐶𝑉𝑉 ⋅ 𝐶𝐶𝑉𝑉 ⋅𝑋𝑋𝑉𝑉 (6)

and oxygen of CO2

𝛿𝛿
18
𝑂𝑂𝑚𝑚 ⋅ 𝐶𝐶𝑚𝑚 = 𝛿𝛿

18
𝑂𝑂𝑎𝑎 ⋅ 𝐶𝐶𝑎𝑎 ⋅𝑋𝑋𝑎𝑎 + 𝛿𝛿

18
𝑂𝑂𝑉𝑉 ⋅ 𝐶𝐶𝑉𝑉 ⋅𝑋𝑋𝑉𝑉 (7)

where δ 13C and δ 18O are the δ 13C-CO2, δ 18O-CO2, respectively. A combination of Equation 5 and 6 provides:

𝑋𝑋𝑎𝑎 =
𝐶𝐶𝑚𝑚 ⋅ 𝛿𝛿

13
𝐶𝐶𝑚𝑚 − 𝐶𝐶𝑉𝑉 ⋅ 𝛿𝛿

13
𝐶𝐶𝑉𝑉 ⋅𝑋𝑋𝑉𝑉

𝐶𝐶𝑎𝑎 ⋅ 𝛿𝛿
13𝐶𝐶𝑎𝑎

 (8)

Figure 7. Carbon isotope composition of CO2 in air vs. CO2 concentration. The black lines are theoretical mixing lines that mix background air CO2 in various 
proportions with various local CO2 sources. The blue dashed line shows the current evolution of δ 13C-CO2 assuming the Holocene growth rate of atmospheric CO2. 
(a) August 2020 data set (yellow circle), (b and c) June 2021 data set from 9:59 to 12:24 and from 9:59 to 12:24, respectively; (d) October 2021 data set; (e) November 
2021 data set. CO2 concentration value was normalized using the atmospheric CO2 reference concentration (i.e., Holocene background atmospheric CO2 is 348 ppm 
vol ≈ 684 mg m −3 according to Clark-Thorne & Yapp, 2003).
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Using Equation 8 in Equation 7 provides:

𝑋𝑋𝑉𝑉 =
𝐶𝐶𝑚𝑚

𝐶𝐶𝑉𝑉

(

𝛿𝛿
18
𝑂𝑂𝑚𝑚 ⋅ 𝛿𝛿

13
𝐶𝐶𝑎𝑎 − 𝛿𝛿

13
𝐶𝐶𝑚𝑚 ⋅ 𝛿𝛿

18
𝑂𝑂𝑎𝑎

)

(𝛿𝛿18𝑂𝑂𝑉𝑉 ⋅ 𝛿𝛿13𝐶𝐶𝑎𝑎 − 𝛿𝛿13𝐶𝐶𝑉𝑉 ⋅ 𝛿𝛿18𝑂𝑂𝑎𝑎)
 (9)

Using both Equations 8 and 9 and rearranging Equation 4, we obtain

𝐶𝐶𝑉𝑉

𝐶𝐶𝑎𝑎 ⋅ 𝐶𝐶𝑚𝑚 ⋅

(

𝛿𝛿
18
𝑂𝑂𝑚𝑚 ⋅ 𝛿𝛿

13
𝐶𝐶𝑎𝑎 − 𝛿𝛿

13
𝐶𝐶𝑚𝑚 ⋅ 𝛿𝛿

18
𝑂𝑂𝑎𝑎

)

(𝐶𝐶𝑚𝑚 − 𝐶𝐶𝑎𝑎) ⋅ (𝛿𝛿
18𝑂𝑂𝑉𝑉 ⋅ 𝛿𝛿13𝐶𝐶𝑎𝑎 − 𝛿𝛿13𝐶𝐶𝑉𝑉 ⋅ 𝛿𝛿18𝑂𝑂𝑎𝑎) + 𝐶𝐶𝑚𝑚(𝛿𝛿

18𝑂𝑂𝑚𝑚 ⋅ 𝛿𝛿13𝐶𝐶𝑎𝑎 − 𝛿𝛿13𝐶𝐶𝑚𝑚 ⋅ 𝛿𝛿18𝑂𝑂𝑎𝑎)
 (10)

which provides the concentration of volcanic CO2 in the air (i.e., CV).

Equation 10 allows the calculation of the volcanic CO2 in the air using the measurements of CO2 concentration, 
δ 13C-CO2, δ 18O-CO2 in the air at Vulcano. CV indicates the CO2 concentration of volcanic origin, which is above 
the local background concentration of CO2 in the air.

Figure 8 shows the spatial variations of volcanic CO2 (expressed in mg m −3 using the conversion factor 1 ppm 
vol ≈ 1.8 mg m −3) in the air from August 2020 to November 2021. In August 2020, a combination of the restricted 
morphology of the inner Caldera della Fossa (i.e., the part of the island where the village of Vulcano Porto is 
located) and relative atmospheric stability during the early morning hours established suitable conditions for 
volcanic CO2 accumulation, although volcanic degassing was at a low level. Data processing shows that volcanic 
CO2 dispersion also occurs in the zone of Vulcanello. A similar condition occurred in the early morning of June 
2021 (Figure 8b), before air turbulence begins to disturb the RL formed during the night in the low atmospheric 
planetary boundary layer (PBL) at Vulcano. After sunrise, when the ground surface of the Vulcano Porto zone 
receives solar radiation, the albedo warms the air. When sufficient thermal energy has accumulated, the lower 
layer of the atmosphere rises and turbulent vertical currents disperse volcanic CO2. Once solar radiation is added 
to the heat flux from the ground of this zone of the island and the regional wind pattern, volcanic CO2 in the air 
of Vulcano Porto decreases. This pattern arguably continues into the night, and further studies are planned to 
investigate this conclusion in more detail.

Figure 8c shows the dispersion of volcanic CO2 in the late afternoon to early evening, when the concentration of 
volcanic CO2 < 100 mg m −3 can be observed on Levante beach and Faraglione. Several fumarolic emissions and 
a large mud pool occur in this zone (Figure 1), which is a clear sign of a shallow volcanic/hydrothermal system 
on Vulcano. The spatial variation of volcanic CO2 shows remarkable differences on 10 October 2021 (Figure 8d), 
when the volcanic CO2 was sighted throughout the village of Vulcano Porto and the concentration was high (i.e., 
>900 mg m −3). During this period, volcanic degassing on Vulcano suddenly increased (Aiuppa et  al.,  2022; 
Di Martino et al., 2022; Federico et al., 2023). In particular, Figure 8d shows some zones with a high concentra-
tion of volcanic CO2 (i.e., >900 mg m −3 above background) at Discarica, Camping Sicilia, Piano delle Baracche, 
and Faraglione. Consistent with these results, these zones are susceptible to gas hazards because the morphology 
promotes the accumulation of volcanic CO2 from both the crater plume and local φCO2. Some mofetes and anom-
alous φCO2 occur in these zones when volcanic degassing increases (Di Martino et al., 2020). An example of this 
occurrence was recorded in 2018 and in 2021 (Di Martino et al., 2022). Early on, when renewed degassing began 
on Vulcano, access to some homes in Piano delle Baracche and Camping Sicilia was prevented. These results are 
consistent with previous gas hazard assessment studies on Vulcano, where high-risk zones were associated with 
restricted air circulation (Granieri et al., 2014). In addition, this study shows that a significant amount of volcanic 
CO2 was also found on Vulcanello during the period of intense degassing (Figure 8d).

A similar situation was observed on 23 November 2021, when volcanic CO2 in the air throughout the village of 
Vulcano Porto was >72 mg m −3 (Figure 8e). Spatial variations of volcanic CO2 in the air were moderate, with 
exceptionally high values (i.e., ∼900 mg m −3 above background) of volcanic CO2 in a broad zone that included 
Camping Sicilia and Piano delle Baracche. One possible explanation is that the combination of anomalous φCO2 
during a period of enhanced volcanic degassing and lower air turbulence significantly affects the accumulation of 
CO2 in the lower layer of the atmosphere. In addition, a high concentration of volcanic CO2 was observed during 
the morning hours when air turbulence should be high due to stronger solar radiation. Under these conditions, the 
air turbulence should dilute the volcanic CO2 and homogenize the CO2 concentration in the air. The high  turbu-
lence favors the dispersion of CO2 in the morning hours compared to the night, when the stability of the RL 
creates the most favorable conditions for the accumulation of volcanic CO2 in the air. Injection of a large amount 
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Figure 8. Results of the calculation of the concentration of volcanic CO2 (mg m −3) at Vulcano Porto according to Equation 10. A limit of 72 mg m −3 (40 ppm vol) 
volcanic CO2 was used to achieve 100% transparency. Basemap DEM from Tinitaly (Tarquini et al., 2023) for all maps. CFF and LBFF indicate the position of the 
fumarolic fields at the crater rim and Levante beach, respectively. (a) Volcanic CO2 concentration on 5 August 2020; (b) Volcanic CO2 concentration on 16 June 2021 
(from 10:44 to 12:22 local time); (c) Volcanic CO2 concentration on 16 June 2021 (from 17:53 to 19:24 local time); (d) Volcanic CO2 concentration on 10 October 
2021; (e) Volcanic CO2 concentration on 23 November 2021.
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of volcanic CO2 during the period of greater stability of the PBL (i.e., through plume dispersion or φCO2 at night 
time) may result in high risks for residents sleeping in their homes at Vulcano Porto.

In summary, the isotopic composition of CO2 in the air and data modeling based on mass balance show that 
volcanic CO2 accumulation in the air results from a complex combination of several variables at Vulcano. First, 
injection of volcanic CO2 alters both the concentration and isotopic signature of CO2 in the air. The stability of the 
boundary layer during the night or arguably during periods of low wind speeds (Table 1) creates favorable condi-
tions for an increase in CO2 and the associated gas hazard. The spatial variations in the stable isotopic composi-
tion of CO2 indicate that some zones are more susceptible to the gas hazard, that is, either zones with anomalous 
φCO2 from depth or zones downwind of the gas plume. While zones of anomalous φCO2 can be identified from 
measurements of soil CO2 flux, the zones exposed to the effects of the volcanic gas plume are broader and can 
change depending on local wind direction and speed. Finally, the results of this study show that the stable isotopic 
composition of CO2 in the air can help track the volcanic gas plume.

6. Conclusions
This study analyzed the effects of volcanic degassing on the spatial variations of CO2 in the air and the main 
factors contributing to the dispersion of volcanic CO2. The study of the stable isotopic composition of CO2 in the 
air at Vulcano Porto showed irregular spatial variations of volcanic CO2 in the air, suggesting that volcanic gas 
emissions may have different effects in different zones of Vulcano Porto.

The study of CO2 in air is based on the spatial variations of δ 13C-CO2, δ 18O-CO2, and CO2 concentration measured 
with a high-precision laser-based spectrophotometer (Delta Ray Thermo Scientific Instrument δ 13C-CO2 = ±0.25 
‰, δ 18O-CO2 = ±0.25 ‰, and CO2 concentration = ±1 ppm vol, respectively). This instrument was installed in 
a car-based laboratory for data collection over a route through the village of Vulcano Porto. The results of five 
onsite measurements show that airborne CO2 concentration varies due to several causes, including the gas emis-
sions from the shallow volcanic/hydrothermal system at Faraglione, CO2 generated by fossil fuel combustion, and 
the morphology of certain zones on the island of Vulcano.

In this study, an isotopic mass balance model was designed and developed to partition CO2 between background 
air and volcanic CO2. The model provides the concentration of volcanic CO2 in the air (i.e., in either ppm vol or 
mg m −3) to help quantify the effects of volcanic degassing on CO2 in the air at Vulcano Porto.

A comparison of results collected in the morning and late afternoon of 16 June 2021 suggests that air turbulence 
due to reflection of solar radiation disturbs the stratification of air that forms in the PBL at night. Volcanic CO2 
remained in the air at Faraglione near a shallow hydrothermal mud pool in the late afternoon of 16 June. During 
the morning survey on 16 June, under conditions of volcanic degassing that can be considered identical to those 
of the afternoon, the stable isotopic signature of volcanic CO2 was found in several zones of Vulcano Porto. A 
combination of causes, such as the high weight of CO2 molecules and the low CO2 diffusivity in the air, could 
explain the traces of nocturnal RL stability well into the morning. Further experimental studies are needed to 
fully understand the role of nocturnal RL and the extent of volcanic CO2 injection, and to assess the effects of 
atmospheric stability on CO2 dispersion and gas hazard.

Results obtained in 2020 and June 2021 provided a valuable guide for assessing the impact of increasing volcanic 
degassing that began in late summer 2021. On 10 October 2021, volcanic CO2 > 900 mg m −3 was measured in 
several zones at Vulcano Porto. A larger amount of volcanic CO2 was found at Faraglione, Camping Sicilia, Piano 
delle Baracche, and Discarica, where volcanic CO2 emissions through the soil increased. Interestingly, the iden-
tification of volcanic CO2 based on δ 13C-CO2, δ 18O-CO2, and CO2 concentration shows that volcanic gas plume 
propagation can reach Vulcanello under unfavorable wind conditions (i.e., SE wind direction when Vulcanello is 
in the lee of the volcanic cone). The results of the 23 November survey show a high volcanic CO2 content at Piano 
delle Baracche, while a lower volcanic CO2 content was observed over Vulcano Porto compared to 10 October.

These results show that stable isotope measurements allow an assessment of the impact of volcanic degassing on 
airborne CO2 concentrations and provide valuable results to identify zones more vulnerable to the gas hazard at 
Vulcano Porto. Volcanic risk mitigation includes specific actions aimed at increasing resilience by monitoring 
degassing activity. The resumption of volcanic degassing within a short period of time has never been recorded 
before at Vulcano, and it is important to understand how future plausible changes may increase the gas hazard in 
populated zones of Vulcano, as well as the risk of a volcanic explosion.
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Data Availability Statement
The database of δ 13C-CO2, δ 18O-CO2, and the CO2 concentration are from (https://doi.org/10.5281/
zenodo.7013432). Cite as: Di Martino et al. (2022). Dataset of the air CO2 surveys performed at Vulcano from 
August 2020 to November 2021 [Dataset]. Zenodo. https://doi.org/10.5281/zenodo.7013432. Software that we 
used for data processing: Quantum GIS (https://www.qgis.org/it/site/).
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