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ARTICLE INFO ABSTRACT

Keywords: Caldeiras da Ribeira Grande is one of the degassing areas of Fogo, a trachytic central volcano located at Sao
AZf’reS Arc.hipelago ) Miguel Island (Azores archipelago). Recently, new steam emissions, soil CO; and temperature anomalies
Soil €O, diffuse degassing developed towards the inhabited area, causing high indoor CO5 values and affecting the vegetation and several

Atmospheric gas dispersion
Model validation
Hazard assessment

small animals that were found dead in depressions and low-ventilated zones. During July-August 2021, a soil
CO;, flux survey was carried out on the north flank of the volcano, estimating a soil gas release of at least 40 t d~*
(excluding the contribution of the fumaroles) over an area of ~0.27 km?2. Two populations for the CO, released
were found, highlighting the biogenic and volcanic-hydrothermal origins. General NW-SE diffuse degassing
structures (DDS) were identified, in agreement with the tectonic lineaments previously recognized in the area. In
this regard, we investigated the passive gas dispersion in the atmosphere at Caldeiras da Ribeira Grande per-
forming a model validation aimed to estimate the fumarolic gas flux at source and the potential hazard for human
and animal lives posed by CO,. Numerical simulations were carried out with the DISGAS-2.3, a 3D Eulerian
advection-diffusion model, and the relative outputs processed through the VIGIL-1.3 workflow able to provide
probabilistic long-term CO, concentration maps, considering a meteorological variability over the last 30 years
(1991-2020) taken from the ECMWF ERAS reanalysis dataset. A best-fit between observed and simulated CO4
concentrations allowed us to estimate the total gas flux of the area (~209 t d™1) obtained by scaling the soil CO,
gas flux by a factor 30. Such an estimate is composed of ~174 t d~! as unknown fumarolic and ~ 35 td~' as
diffuse contribution, in a good agreement with measurements.

Although the present-day CO concentration at 0.3 m height cannot be considered to raise serious concerns for
human health, we reasonably infer that the death of small animals may be due to local conditions of COy
accumulation or to the presence of HyS. The current study highlights the relevance of coupling gas flux maps,
concentration data, and gas dispersion modeling to obtain robust estimation of gas fluxes, including the fuma-
rolic contribution, and identify zones potentially impacted by dangerous concentrations of volcanic gases, which
are relevant for land-use planning and hazard assessment in case of renewed escalations of volcanic activity.

1. Introduction Cardellini et al., 2003; Notsu et al., 2005; Viveiros et al., 2010; Werner
et al., 2019; Biagi et al., 2022; Fischer and Aiuppa, 2020; Andrade et al.,

Volcanoes can release high amount of volatiles to the atmosphere, 2021). Gases (mainly COo, 222pn, and H,S) released in the diffuse
even during quiescent periods and through diffuse degassing, as showed degassing areas can also pose a threat for the population, being soil
by several studies in the last three decades (e.g., Allard et al., 1991; degassing one of the permanent hazards in inhabited areas (e.g., Beau-

Chiodini et al., 1996, 1998; Bergfeld et al., 2001; Brombach et al., 2001; bien et al., 2003; Barberi et al., 2007, 2019; Viveiros et al., 2015a,
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2016).

For the particular case of CO, which is odorless and colorless, it can
start affecting human health at concentrations above 5000 ppm (NIOSH,
2007). The short time exposure limit (STEL) for a CO5 concentration of
30,000 ppm has been fixed at 15 min and above that concentration
exposure symptoms increase the breathing normal rate, narcotic effects
and headaches. Above 150,000 ppm, CO; concentration in the air may
cause death acting as asphyxiant (Le Guern et al., 1982; Blong, 1984;
Wong, 1996; Williams-Jones and Rymer, 2000; NIOSH, 2007; Costa and
Chiodini, 2015; Viveiros et al., 2015b). In addition, as CO- is denser than
the air at STP conditions, it can accumulate in depressed zones and/or
confined spaces, contributing to hazardous gas concentrations (e.g.,
Costa and Chiodini, 2015; Folch et al., 2009, 2017; Permentier et al.,
2017).

Several studies (Barberi et al., 2007, 2019; Viveiros et al., 2009,
2010, 2015b, 2016; Carapezza et al., 2022) have shown that buildings
located in CO, diffuse degassing zones may accumulate indoor hazard-
ous concentrations of gas, reaching in some cases lethal levels. In fact,
lethal CO, concentrations were observed for several periods in the in-
door CO, time series recorded at some dwellings in the Azores archi-
pelago, confirming that in diffuse degassing areas the population may be
at permanent risk of exposure to CO2 (Viveiros et al., 2009, 2015b,
2016). In the Azores archipelago the most tragic accident caused by CO,
in periods of quiescence occurred in 1992, with the deaths of two
tourists inside the Furna do Enxofre lava cave in Graciosa Island, where
air COy concentrations higher than 15 vol% were measured (Gaspar
et al., 1998; Viveiros et al., 2015b).

Several studies have also been developed in the last decade to eval-
uate outdoor CO; dispersion (e.g., Costa et al., 2005; Folch et al., 2009,
2017; Granieri et al., 2013; Pedone et al., 2017; Massaro et al., 2021;
Dioguardi et al., 2022).

For gas passively driven by wind advection and atmospheric turbu-
lence, models based on generalized advection-diffusion equations can be
used. Among these, we consider DISGAS (Costa et al., 2005; Costa and
Macedonio, 2016), a Eulerian model coupled with a mass-consistent
wind model (Douglas et al., 1990). It needs as input data topography,
average wind on the computational domain, atmospheric stability in-
formation and sources emission rates. The outputs consist of gas con-
centration grids at the users-selected timesteps and levels from the
ground.

Granieri et al. (2013) applied DISGAS to the La Solfatara di Pozzuoli
volcano (Italy) in order to simulate the passive COy dispersion and
evaluate the potential hazards in the surrounding city of Naples. More
recently, Massaro et al. (2022) verified the forecasting capability of
DISGAS through the observed CO5 concentrations acquired during June
2020.

In this work, we model the outdoor gas dispersion at Caldeiras da
Ribeira Grande in the Azores archipelago, where present-day volcanic
activity is marked by several low-temperature fumarolic fields, steaming
ground, thermal and cold CO-rich springs and soil diffuse degassing
areas (Caliro et al., 2015; Viveiros et al., 2010, 2015a).

A new degassing area developed in the north flank of Fogo Volcano
(Sao Miguel Island) during 2010 due to the drilling of a geothermal well.
In this case, new fumarolic areas appeared in the surroundings of a pre-
existing fumarolic field, the Caldeiras da Ribeira Grande fumaroles.
Together with steam emissions, soil COy and temperature anomalies
developed in the area (Viveiros et al., 2021; Pereira et al., 2022). The
degassing phenomena also extended towards an inhabited area, the
Caldeiras da Ribeira Grande site, and caused not only high indoor CO,
values, but also affected the vegetation and several small animals that
were found dead in depressions and low-ventilated zones.

As known, fumarolic fluxes can have highly variable emissions, both
in terms of the composition and the rate of the gases being emitted (e.g.,
Werner et al., 2000; Pedone et al., 2015). This variability poses diffi-
culties to obtain accurate and representative measurements of the
fumarolic flux, considering the technical limitations of the instruments
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(such as gas analyzers and thermal cameras), whose accuracy can be
affected by the wind, humidity, and equipment drift.

Based on this, the current study, for the first time, aims to indirectly
estimate the fumarolic flux of CO5 in the Caldeiras da Ribeira Grande
area by comparing the results of numerical gas dispersal simulations
with the available sporadic measurements of atmospheric CO5 concen-
trations. Then, an evaluation of the related potential hazards for human
and animal health is also provided.

The simulations are carried out with DISGAS-2.3 (Costa and Mace-
donio, 2016) model and the outputs processed through a Python auto-
matic workflow, VIGIL-1.3 (Dioguardi et al., 2022), in order to provide
probabilistic long-term CO, and H,S concentration maps based on the
soil COy flux survey of July/August 2021. The current study can be also
used to define potential gas hazardous zones, in case of gas flux increase
in the area.

2. Characterization of the study area

The Azores archipelago is in a shallow bathymetry zone within the
Atlantic Ocean, in the triple junction of the Eurasia, Nubia and North
America plates (Carmo et al., 2015 and references therein; Fig. 1a). Sao
Miguel is the biggest island and is in the western group of islands of the
Azores Archipelago. The island has an east-west elongated shape and is
formed by three quiescent polygenetic central volcanoes with summit
calderas (Sete Cidades, Fogo, Furnas; Fig. 1b), linked by two active
fissure zones (Gaspar et al., 2015). Sao Miguel is shaped by several
tectonic structures with a dominant NW-SE trend, including the Ribeira
Grande graben, and WNW-ESE, with two groups of faults dipping 60°-
90° to NE and SW (Carmo et al., 2015).

Fogo Volcano is in the central part of the island and started to form
nearly 200 ka BP (Wallenstein et al., 2015). The volcano is dominated by
an intra caldera lake, which according to studies carried out by Andrade
et al. (2020), showed absence of deep-derived CO,. There were five
trachytic explosive eruptions during the last 5 ka, and two of them
occurred in historical times (Wallenstein et al., 2015).

Hydrothermal manifestations are mainly found on the north flank of
the volcano and are associated with the NW-SE Ribeira Grande graben.
The main hydrothermal manifestations comprise Caldeiras da Ribeira
Grande (the studied area; Fig. 1c), Caldeira Velha and Pico Vermelho,
which show low temperature fumaroles and steaming ground (Caliro
et al., 2015). Recent studies suggest that the reservoir feeding Caldeiras
da Ribeira Grande fumaroles has temperatures around 256 °C (Pereira
et al., 2022). Thermal, cold COs-rich springs and diffuse degassing areas
are also found in the north flank of Fogo Volcano (Cruz and Franca,
2006; Viveiros et al., 2015b). Due to the diffuse CO5, some dwellings
located on the north flank of the volcano (Ribeira Seca village and
Caldeiras da Ribeira Grande site) were previously affected by high in-
door CO, concentrations (Viveiros et al., 2015b). In the Caldeiras da
Ribeira Grande, a permanent monitoring system was installed in 2012 to
evaluate indoor air CO5 concentration for health risks assessment pur-
poses (Viveiros et al., 2021).

From a meteorological point of view, the Azores climate is oceanic
temperate, being marked by several local microclimates, which depend
on factors such as altitude, distance from the sea, shape of the islands,
and soil occupation (Bettencourt, 1979). Inter-annual and inter-seasonal
variability of the rainfall patterns in the archipelago are shown by the
significant differences between the “rainy season” that extends from
October to March (with about 70% of the annual precipitation) and the
“dry season” with the minimum rainfall in July (Bettencourt, 1979;
Marques et al., 2007).

3. Methodology
3.1. Sampling

The degassing survey was performed at Caldeiras da Ribeira Grande
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Fig. 1. a) Regional setting of the Azores archipelago within the North American
(NA), Eurasian (Eu), and Nubian (Nu) triple junction. The top right inset depicts
the location of the Azores archipelago in the North Atlantic Ocean. Tectonic
structures: MAR, Mid-Atlantic Ridge; NAFZ, North Azores Fracture Zone; PAFZ,
Princess Alice Fracture Zone; EAFZ, East Azores Fracture Zone; GF, Gloria Fault;
Terceira Rift (TR). Islands: C, Corvo; F, Flores; SJ, Sao Jorge; Gr, Graciosa; T,
Terceira; SM, Sao Miguel; SMa, Santa Maria. Faial and Pico Islands are high-
lighted in black. Solid lines correspond to major structures/faults (modified
after Quartau et al., 2015); b) Sao Miguel island with its six volcanic centres
(modified after Carmo et al., 2015); ¢) CO, flux measurement locations and
main fumarolic emissions located in Caldeiras da Ribeira Grande, signed as
F1,2,3,4,5,6. Datum = World Geodetic System (WGS) 84. PC1,2,3 correspond to
the three control points.
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in 2021. A total of 830 sites were sampled (Table A2, Appendix A) in an
area with approximately 0.27 km?, following a grid of about 20 m
(Fig. 1c). The measured variables were soil CO5 fluxes, CO, concentra-
tions (0.30 m and 1.50 m height) and temperature (soil and air).

Data were collected in 11 days during July-August 2021, in dry
weather conditions, to avoid the potential influence of meteorological
conditions on the soil CO fluxes (e.g., Viveiros et al., 2008, 2010). In
addition, data recorded at the permanent soil CO flux station GFOG4
were used to check intra-survey variability, and three control sites were
selected and measured (for COy flux and concentrations) every day
during the surveyed period (Appendix A, Fig. A2). GFOG4 has also
coupled a meteorological station with several sensors such as barometric
pressure, air temperature, air relative humidity, wind speed and direc-
tion, rainfall, soil water content and soil temperature. Thermo-
hygrometers and wind sensors are set about 1 m above the ground,
whereas soil water content and soil temperature sensors give measure-
ments at a depth of about 0.30 m (Oliveira et al., 2018).

At each site, the soil temperatures were measured at depths in be-
tween 5 and 10 cm depending on the soil hardness, while the air tem-
peratures were taken at soil level and 0.30 m above the soil.
Temperature was measured on the same points of the CO,, always after
the gas flux measurements, using a portable thermocouple (thermom-
eter Testo 925 with resolution of 0.1 °C for the 50-200 °C range).

CO;, fluxes and concentrations were measured using two portable
instruments (manufactured by West Systems, Italy). The instruments
perform flux measurements based on the accumulation chamber method
(Chiodini et al., 1998). The two instruments (WS1214 and WS1018)
were equipped with LICOR LI-820 COg detectors, with 20,000 ppm as
full scale. Previous studies (Chiodini et al., 1998) reported a reproduc-
ibility around 10% for the CO5 fluxes ranging between 10 and 10,000 g
m2dl According to Carapezza and Granieri (2004) the uncertainty
increases to 24% in low soil CO; flux areas. To have no discrepancy
between the measurements taken by the two instruments, the calibra-
tions of the fluxmeters have been previously done in the laboratory. In
addition, soil CO2 fluxes were measured in the same sites using both
instruments and varied <20%.

CO», flux measurements were not done in the steam emissions sites to
avoid any damage of the instruments due to condensation in the sam-
pling line.

3.2. COg flux statistical analyses

The Sinclair procedure (Sinclair, 1974) was applied to the soil CO,
fluxes to define potential flux populations that can represent different
COg sources (Fig. 2). The CO; flux and concentration maps, as well as the
soil temperature were elaborated using the sequential Gaussian simu-
lations (sGs) (Deutsch and Journel, 1998; Cardellini et al., 2003).

The sGs method, which uses the sGs algorithm (Deutsch and Journel,
1998), consists of the production of numerous simulations of the spatial
distribution of the attribute (CO; flux, air CO, concentrations at 0.3 m
and 1.50 m height, and soil temperature, in this study). Stochastic
simulation produces realizations that respect the original data statistics
(e.g., histograms, variograms) without smoothing the extreme values
(Cardellini et al., 2003).

Since the collected data do not follow the normal multi-Gaussian
distribution, data were transformed into normal distribution by a
normal score transform (Deutsch and Journel, 1998; Cardellini et al.,
2003). A simulated value at one location is randomly selected from the
normal distribution function defined by the kriging mean and variance
based on the neighborhood values. The simulation is sequential and
conditional, meaning that the simulated value at each point is condi-
tioned both on the original data and on the previously simulated values
(Deutsch and Journel, 1998; Goovaerts, 1999). The process is repeated
until all points are simulated. Interpolation criteria were based on the
experimental variograms, computed and modeled for each data set (see
Fig. 3). The resulting E-type flux map, which shows the “expected” value
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at any location obtained through a point-wise linear average of all 100
simulations (Deutsch and Journel, 1998; see Fig. 4a) was then used as
input data to produce CO dispersion simulations.

3.3. Physical model and numerical simulations

The physics of atmospheric gas dispersion can be dominated by
advection-diffusion (i.e., by the atmospheric wind field, turbulence and
gas concentration gradient) or gravity-driven (i.e., governed by buoy-
ancy forces). The choice between these two regimes can be done by

calculating the Richardson number Ri relative to the system:

1 (g9
Rl:W R D

where g = g(pg — pa)/pa is the reduced gravity acceleration (being g the
gravity acceleration, p, and p, the air and the gas density respectively), q
is the volumetric flow rate, R the plume size, and V is the wind intensity
at the reference altitude (i.e., 3 or 10 m). For Ri < 0.25 the flow is
substantially advection-diffusion driven whereas for Ri > 1 is mainly
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this article.)
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density driven (Cortis and Oldenburg, 2009; Costa et al., 2013; Costa
and Macedonio, 2016). In our case, we considered the averaged values
of gas emissions temperature and atmospheric pressure at Caldeiras da
Ribeira Grande. As volumetric flow we considered the diffuse flux ac-
quired during the gas survey (~40 t d~!) while the plume radius was
ideally set considering the averaged major axis of the ideal ellipse that
includes the gas measurements. The reference parameters are reported
in Table 1. In this way, the estimated Ri value is ~0.04-0.09, therefore
the CO, flow has a passive regime. For this reason, DISGAS was the
numerical model used in this study.

The simulations were run through VIGIL-1.3 (Dioguardi et al., 2022),
an automatized probabilistic workflow which uses two Eulerian codes
for passive and/or density driven gas dispersion (DISGAS-2.3; Costa and
Macedonio, 2016; TWODEE-2- 2.6; Hankin and Britter, 1999; Folch
et al., 2009) over large and complex topographic domains; these models
are coupled with the mass-consistent Diagnostic Wind Model (DIAGNO;
Douglas et al., 1990) that creates a 3D null-divergence wind field over a
complex topography, starting from user-defined initial values. VIGIL
manages the following steps: 1) retrieval of the meteorological data; 2)
execution of the numerical simulation; 3) post-processing of the results.
It can run gas dispersal simulations in both reanalysis and forecast mode.
In the former mode, the user can download and process local weather
station data or reanalysis data relative to the domain of interest from the
ECMWF ERAS5 database (Hersbach et al., 2018). The ERAS5 reanalysis
weather data have a temporal resolution of 1 h, 30 km horizontal res-
olution and 37 vertical levels from the ground up to 1 mbar pressure
level. From the ECMWF ERAS dataset, it is also possible to retrieve
forecast data from the Integrated Forecasting System (IFS).

VIGIL has been recently applied to the case of the quasi-permanent
degassing of La Soufriere volcano (Guadeloupe, Lesser Antilles; Mas-
saro et al., 2021), providing prototypical tests aimed to validate the
modeling of gas dispersal from a hazard perspective (in other words, its
ability in reproducing the correct order of magnitude and variability of
gas concentrations dispersed from the summit dome fumaroles).

In this study, the numerical simulations were run to perform a model
validation aimed at evaluating whether the estimated fluxescould
reproduce the measured CO, concentrations (see Section 4.3). We also
investigated how the diffuse and fumarolic sources could impact the
interested area providing long-term statistical CO, and HsS concentra-
tion maps (see Section 4.4), obtained by performing 1000 gas dispersal
simulations through VIGIL. In case future increases of gas fluxes push the
transport towards a gravity driven regime, similar analysis could be
performed using a suitable gas transport model (e.g., Hankin and Britter,
1999; Folch et al., 2017).

The model validation was carried out comparing the observed and
simulated CO, concentration at 43 tracking points in the investigated
area (Fig. 5a). The computational domain is represented by a 2D regular
grid of 874 x 672 points (spacing ~16.5 m in both directions; Fig. 5a),
while the topography is represented by a 10 m resolution DEM (courtesy
SIG team, IVAR).

For gas sources, applied a resampling of the diffuse fluxes using
©Surfer software using a resolution of 50 m (see section 3.1). Since the
accumulation chamber method reaches saturation levels at fumarolic
sites and the infrared detector can be damaged by the steam (hence the
method is not applicable), we indirectly inferred the fumarolic flux by
scaling the diffusive flux measured in proximity to the fumarolic area

Table 1

Parameters used to calculate the Richardson number.
Symbol Description Value
Pg gas density at T = 80.7 °C and P = 993 mbar (kg m>) 1.48
Pa air density at T = 80.7 °C and P = 993 mbar (kg m~>) 0.9
q volumetric flow (m®s1) 0.32
R plume radius (m) 75-500
v wind velocity at reference altitude (m/s) 1
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(red stars in Fig. 1c).

We considered different scaling factors, multiplying the diffuse flux
by 10 up to 1000 to find the best correlation with observed CO5 con-
centration data, avoiding an underestimation of the fumarolic contri-
bution in the modeling.

4. Results
4.1. Descriptive statistics

At Caldeiras da Ribeira Grande soil CO5 fluxes ranged from 6.6 g m 2
d™! to 5427 g m2 d}, and the highest values are mainly related to
anomalous soil temperature (maximum measured value was 80.7 °C;
Table 2). PC3 (control point 3; Fig. 1c¢) has shown the highest soil CO,
flux values (average ~ 145 g m~2 d™!), considering the three sites
selected and the coefficient of variation (CV) of 0.25. PC1 (Fig. 1c) has
shown the highest soil CO, flux variability (CV = 0.49), and corresponds
to the lowest CO5, fluxes from the control sites. Environmental variables
showed low variability during the surveyed period when compared to
the soil CO; fluxes (Table A2, Appendix A). Air COy concentrations
reached maximum values at 0.3 m (1956 ppm), slightly higher than
maximum concentrations measured at 1.5 m (960 ppm).

4.2. Mapping and quantification of soil COz degassing

Soil CO5, flux values from Caldeiras da Ribeira Grande were modeled
using the procedure proposed by Sinclair (1974), as a combination of
two overlapping lognormal populations (Fig. 2). This bimodal distri-
bution with an inflection point at the 59™ cumulative percentile suggests
the existence of multiple sources (biogenic and volcanic-hydrothermal)
that overall feed soil CO5 diffuse degassing.

The estimated mean and the proportion of partitioned populations
are reported in Table 3. Population referred to as “A” is characterized by
lower CO, fluxes (mean ~ 58.6 g m~2 d™!), when compared to popu-
lation “B”, with a mean of ~377.4 g m2dbIf population “A”is
assumed to be connected to biological activity in the soil, the choice of
the 95th percentile of this population as cut-off for the biogenic (back-
ground) contribution (as previously applied by Viveiros et al., 2010,
2020; Andrade et al., 2016) results on a threshold of ~112 g m247!
(Fig. 2). This threshold is quite high compared with the values suggested
to other degassing sites of the Azores archipelago, where threshold CO,
fluxes associated with biogenic production ranged between 25 and 45 g
m2d~! (Viveiros et al., 201 0, 2020b). Even in grassland areas world-
wide, the COy production is usually lower than 50 g m~2 d~! (Norman
et al., 1992; Bajracharya et al., 2000; Nakadai et al., 2002). In addition,
soil CO; fluxes measured in areas with similar vegetation and soil type
located outside the anomalous zone did not exceed 34 g m~2d ™. Carbon
isotopic data used in previous studies (Viveiros et al., 2020a; Viveiros
et al., 2021) suggested a CO, biogenic background of 40 g m~2 d L. This
observation again highlights the relevance of using carbon isotopic data
to define the CO4 sources, since the graphical statistical approach usu-
ally infers higher biogenic thresholds, as already showed in the litera-
ture (e.g., Chiodini et al., 2008; Viveiros et al., 2010, 2020b).

Spatial data were modeled with spherical variograms with different
nuggets and ranges (Fig. 3). The CO, degassing map (Fig. 4a) shows that
the highest flux areas are found close to the main visible degassing
emissions. Diffuse Degassing Structures (DDS, Chiodini et al., 2001)
cross these sites with similar and parallel NW-SE alignments, and are
labeled as F1, 2, 3, 4, 5, 6 (Fig. 4a).

A positive spatial correlation is well observed between soil CO5 flux
and soil temperature. The highest correlation is established between the
soil CO; flux and the air CO5 concentration at 0.3 m above the ground
(Fig. 4d; Table 4). Based on the soil CO, flux interpolated map a mean
CO5, release of ~40 t d! (1.4t d_l) was estimated at Caldeiras da
Ribeira Grande (area ~ 0.27 kmz), being ~30 t d~! estimated as the
deep-derived COx (i.e., contribution above the chosen threshold, 40 g
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Fig. 5. a) Maps showing the investigated area
(red box) with a magnification in which the
tracking points are indicated as purple triangles;
b) ECDFs of the observed (red curve) and simu-
lated concentration values (other coloured
curves) obtained by scaling the fumarolic flux
with different scaling factors (x10, x30, x50,
x500). The continuous vertical lines indicate the
507 percentile while the dashed lines indicate
the 20 and 80™ percentiles. (For interpretation
of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

Statistical parameters from the partitioned CO, flux populations and 90% con-
fidence intervals of the mean at Caldeiras da Ribeira Grande.

Number of Minimum  Maximum  Average  St.
measurements Dev.

Sampled Population ~ CO; source

variables

Soil CO,, flux (g 830 6.55 5426 182 384

proportion Mean CO, Mean CO,
(%) flux (g 90%
m~2dh (confidence
interval)

m2d1

Soil
temperature
[§9)

Air temperature
0.30 m (°C)

Barometric
pressure
(mbar)

CO,
concentration
0.30 m (ppm)

CO,
concentration
1.50 m (ppm)

830

830

830

830

830

20.8

18.6

987

330

356

80.7

37.1

1000

1956

680

30.7

25.1

993

482

8.3

2.9

4.0

151

51

mainly biogenic
mainly volcanic -
hydrothermal

59

41

58.6

377.4

54.6-61.6

316.7-470.1

m~2d~1). Considering that flux measurements were avoided close to the
steam sites, this estimated CO4 release corresponds to a minimum value

for the diffuse emission only.

4.3. Model application

In this section, we describe the application of the gas dispersal model
to Caldeiras da Ribeira Grande carried out using the results of soil COy
flux survey described in the Sections 4.1 and 4.2 as gas sources. We
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Table 4
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Pearson correlation coefficients for the variables measured in Caldeiras da Ribeira Grande during the fieldwork.

sampled variables Soil temperature  Air temperature

Barometric pressure

Soil CO, flux  Air CO, concentration (0.30 m) Air CO, concentration (1.50 m)

Soil temperature 1.00 0.36 0.10 0.32 0.32 —0.02
Air temperature 0.36 1.00 0.16 0.04 0.12 0.06
Soil CO;, flux 0.32 0.04 0.10 1.00 0.47 0.05
CO;, concentration (0.30m)  0.32 0.12 0.07 0.47 1.00 0.29
CO,, concentration (1.50 m) -0.02 0.06 0.15 0.05 0.29 1.00
considered the available 43 tracking points over the investigated area: I
each one of them referred to a specific acquisition (in space and time) MBE = —ZN (¥oi = x54) (5a)
sampled during a selected day between 03/07/2021 and 03/08/2021 N
(Fig. 5a). The corresponding observed value is obtained by calculating 1o (Yo — %27
the mean and the variance of all the available concentration measure- RMBE = IT/ZI B (5b)

ments performed 30 min before and after the tracking point acquisition
and within a 20 m radius (Table A2, Appendix A). The numerical dataset
is obtained by simulating a continuous CO5 dispersion from the source
areas for the period from 03/07,/2021 to 03/08/2021 (i.e., the time span
for which we had available data) with meteorological conditions
retrieved from the local weather station GFOG4. In the following, we
present a statistical analysis on the model validation results, then we
compare the observed and simulated data at 1.5 m from the ground
corresponding to the 43 tracking points as reported in Figs. 5b. To do
this, we followed the approach described in Massaro et al. (2021) by
calculating the Empirical Cumulative Density Functions (ECDFs).

4.3.1. Statistical tests on model results

To test the goodness of fit between observations and model results
which consider both diffuse and fumaroles contributions, the latter ob-
tained with different scaling factors, we used the Aida indexes K and k
(Aida, 1978) that measure the logarithmic distance between observed
and simulated data. The Aida indexes, generally used for tsunamis and
tephra dispersion problems (e.g., Kawamata et al., 2005; Poret et al.,
2018), are defined as follow:

K =exp {%Z?log (?) ] 2)

2
1N Xo.i 2 I Xo,i
k = exp ]T]ZI log (x_> - ]T]Z, log (x_) :| 3)

A good fit between simulations and observed data is achieved when
K is close to 1 (ideally 0.95 < K < 1.05) and when k is minimized, with
typical values <1.45 (Aida, 1978; Costa et al., 2014). Index K can be
read as the mean scaling factor that should be applied to the simulated
data to match the observed ones, while k represents the logarithmic
mean dispersion between observed and simulated values.

It is worth noting that the calculation of the Aida indexes using all 43
selected tracking points provides an estimate of the global goodness of
the fit but it does not give information on whether and which subset of
the tracking points shows a better fit. Besides the analysis based on the
Aida indexes, we provided further statistical parameters and tests (e.g.,
Morley et al., 2018). Regarding these tests, we calculated the Root Mean
Square Error (RMSE):

G

where X, ;, X;, ; denote the observed and simulated values at tracking
point i respectively, and N is the number of tracking points. The lower
RMSE is, the closer are the simulated data to the observations.

We also calculated the Mean Bias Error (MBE) and the Relative Mean
Bias Error (RMBE) in order to understand whether the simulated values
tend to overestimate or underestimate the observations:

0,0

Also in this case, the smaller the absolute value of MBE, the closer the
simulated data are to the observed ones. The sign of MBE suggests
whether the simulated values tend to overestimate (MBE > 0) or un-
derestimate (MBE < 0) the observed ones. After that, we calculated the
Mean Absolute Percentage Error (MAPE) as follow:

100 =N X — Xy
MAPE = WZ,- lTl (6)

By using these parameters, we carried out the bias histogram sym-
metry test to evaluate whether the simulated values have a systematic
component. Completely random biases should have a gaussian distri-
bution with zero mean. This test consists in building a histogram of the
absolute biases, removing the values outside the 25™ and 75 percen-
tiles. If the histogram is not centered around 0 ppm, we can conclude
that the simulated data are systematically over/underestimating the
measured ones. To do this, we calculated the Inter-Quartile Range (IQR)
as:

IOR = Hyqr — Hpin @)

where Hpqx, Hmin are the values of the upper edge of the maximum bin
and the lower edge of the minimum bin of the bias histogram, respec-
tively. The value of IQR gives a measure of how much the biases are
spread, so the lower it is, the closer the simulated values are to the
observed ones. In Appendix (Fig. A2) we reported the IQR histograms for
the different fumarolic scaling factors. The results of all these parame-
ters and tests are summarized in Table 5 (Aida indexes K and k, RMSE,
MBE, MAPE, and IQR).

We found that the x30 scaling has the best performance in esti-
mating the fumarolic flux, as it produces the lowest MAPE and RMSE,
whereas the case x150 is better to minimize the biases. Moreover, the
smallest Aida’s index k is obtained for the cases x10 and x30 although
the corresponding K indicate a larger estimate of the overall gas fluxes of
about 10%.

The differences observed in the statistical indicators (Table 5)
highlight the fact that we cannot minimize both the errors and the

Table 5

Estimates of the statistical parameters and tests calculated to compare simulated
and observed data for each degassing scenario scaled with different scaling
factors (x10, x30, x50, x100, x150, x250, x500, x1000). K, k, RMSE, MBE,
RMBE, MAPE, and IQR (see Egs. 2-7).

Scaling K k RMSE MBE RMBE MAPE IQR
factors (ppm) (ppm) (%)

x10 114 1.09 66.69 —55.01 0.12 12.90 52.27
%30 112 111  63.66 —46.08  0.10 11.88 64.95
x50 1.09 113 66.38 -37.16  0.08 12.13 75.55
%100 1.05 1.20 9293 -14.90  0.03 15.49 85.18
x150 1.01  1.27 132.69 7.35 —0.02 19.54 89.86
%250 095 1.39 223.42 51.89 -0.12 28.35 121.26
%500 0.85 1.63  463.07 163.37 -0.38 5235 197.03
%1000 0.72 198  949.53 386.31 -0.89 101.73  320.99
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biases.

4.3.2. Empirical Cumulative Density Functions (ECDFs)

For each tracking point (Fig. 5a), we compared the observed COy
concentration at a reference height (1.5 m from the ground) and the
simulated one. This comparison refers to the diffuse CO5 flux measured
during the survey.

Since the fumarolic flux that would be added to the diffuse one is
unknown (because of the limit of the accumulation chamber method),
we used the diffuse flux measured in positions as close as possible to the
fumaroles as reference values to be scaled.

In Fig. 5b we reported the ECDFs of the simulated CO, concentration
obtained by using the diffusive flux in the entire domain and adding the
scaled fumarolic flux where the fumaroles are located. Each ECDF col-
lects the observed (red curve) and simulated CO, concentration of the
entire tracking points dataset (43) obtained by using different scaling
factors (Table 5). For simplicity, only the results with scaling factors of
x10, x30, x50, x500 are shown.

Inspecting how far apart are the means (solid lines) of the distribu-
tion and the 20 and 80 percentiles (dotted lines), we note the effect of
the scaling that splits the upper part of the simulated ECDFs corre-
sponding to those tracking points closest to fumaroles (Fig. 1c) that show
higher CO, concentrations (>50 ppm above the background level). On
the contrary, the scaling factors have a negligible influence on the
further tracking points, which are mainly influenced by the diffuse
contribution, with lower concentration (~ <50 ppm above the back-
ground level).

From such a plot it is possible to see the best agreement by
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visualizing which case can overlap or is closer to the curve representing
the observations. Moreover, by considering the statistical analysis on
model results, the scaling x30 has the best performance in estimating
the fumarolic flux, taking into account the increase of 10%, due to the
fact that the Aida index K returned 1.12, that is about 10%.

In this light, we find that the total scaled flux corresponds to ~209 t
d . Such an estimate is composed of ~174 t d ! as fumarolic and ~ 35 t
d~! as diffuse contribution. This latter is in good agreement with the
reference value of 40 t d~! obtained by the gas survey.

4.4. Probabilistic CO2 concentration maps

To build the long-term probabilistic concentration maps of the COy
dispersion at Caldeiras da Ribeira Grande, a robust statistical variability
of wind conditions is needed. To do this, reanalysis data were randomly
sampled from the ECMWF ERAS database (https://www.ecmwf.int/en
/forecasts/datasets/reanalysis-datasets/era5; Climate Change Service,
2017) considering an ensemble of 1000 days over the last 30 years (from
01/01/1991 to 31/12/2020). As reported in Section 4.3, the selected
gas flux scenario was built using the fumarolic contribution scaled by
%30 since it is the best result of the model validation.

Basically, the probabilistic concentration maps show the value of
CO2 concentration (in ppm) that can be overcome of an exceedance
probability p (i.e., within the timespan of a day there is a probability p
that the CO; concentration in the specific point will be greater than the
displayed value). In Fig. 6, we show the concentration maps referring to
the last timestep of each day (23:00) at 0.30 m (height representative for
small animals) and 1.50 m (height representative for human breath)
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Fig. 6. Long-term probabilistic CO, concentration maps show the exceedance probability (EP) of 5% and 50% at two different atmospheric levels: a-b) 0.30 m and c-
d) 1.5 m from the ground. Superimposed to the grayscale representation of the topography (DEM courtesy the SIG team, IVAR).
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from the ground, at the 5% and 50% exceedance probability. In Fig. 6a,
the 5% exceedance probability concentration map at 0.30 m displays
greater values of CO; concentration, locally reaching maximum peaks of
~1075 ppm (considering the background level of ~370 ppm) that
decrease to ~530 ppm in the 50% exceedance probability map (Fig. 6b).
The 5% exceedance probability map at 1.50 m (Fig. 6¢) shows peaks of
CO; concentration of ~602 ppm that became slightly lower (~418 ppm)
at 50% exceedance probability (Fig. 6d). These results are in good
accordance with the averaged observed data reported in Table 2 (i.e.,
482, 451 ppm).

5. Discussion

The Caldeiras da Ribeira Grande degassing area has been expanded
since 2010 around pre-existing fumaroles (F1 in Fig. 1C). In this study,
an emission of ~40 t d™! was preliminarily estimated for the diffuse
degassing during July/August 2021 from an area of about 0.27 km?
showing that the most of the CO2 (30 t d D hasa volcanic-hydrothermal
origin. This is the minimum value estimated for the CO fluxes emitted
in the area since sampling was avoided in the steam emission sites.
Consequently, the fumarolic flux contribution in these areas was not
accounted for.

CO; spatial distribution showed that the larger anomaly area is
located inside the river that crosses the area, including the dismissed
geothermal well, where hydrothermal activity is clearly visible (F3 and
F4 in Fig. 1C). These areas also overlap with the identified thermal
anomalies (Fig. 4B). Grassland dominates the sampled area and the
lowest soil CO flux values (corresponding to population A, Table 3)
probably result from the soil respiration in these areas. Close to the main
fumaroles, especially in the pre-existing fumarolic field (F1 in Fig. 1c),
some low CO; fluxes may result from impermeable soil layers due to
clayey alteration in the area (Mateus et al., 2015). As known, COy
degassing occurs as permanent manifestations or as episodic phenomena
and may be affected by local topography, meteorology, surface rough-
ness and/or atmospheric stability (Oliveira et al., 2018; Rinaldi et al.,
2012; Viveiros et al., 2009, 2015a).

The DDS defined in the sampled area (Fig. 4a) show a general NW-SE
direction, similar to the alignments previously inferred for the area by
Carmo et al. (2015). Tectonic structures were not previously mapped at
Caldeiras da Ribeira Grande, probably due to the existing vegetation
together with the thick pumice deposits that hide eventual structures
(Carmo et al., 2015). However, the consistent lineaments of gas anom-
alies observed in the current study suggest a deep structural control for
the gas emission and the existence of hidden tectonic structures in the
study area.

In what concerns gas dispersion, in the current study we noted that
higher CO concentrations were measured close to the soil, as it would
be expected considering the CO4 origin (Fig. 4D; Fig. 7A).

The model validation was able to indicate the best fit scaling factor
(%30 increased by 10%; Fig. 5b) to apply at the diffuse gas fluxes close to
the fumarolic sources whose flux is unknown. In this way, the total
amount of gas flux emitted by soil and fumaroles can be inferred in the
investigated area.

The simulated diffuse contribution of ~35 t d~! shows a full agree-
ment with observations (~40 t d™1). Moreover, the estimated fumarolic
contribution is of ~174 t d! (Table 5).

Aiuppa et al. (2020) observed similar predominance of the fumarolic
CO4 over the soil diffuse degassing for the crater fumaroles of Fogo
Volcano (Cape Verde). Werner et al. (2000) also estimated that the Mud
Volcano vent emissions (Yellowstone, USA) contributed to >32% of the
total degassing. Contrarily, at Campi Flegrei, the diffuse degassing
dominates (usually >1000 t d~1) over the fumarolic emissions (see Fig.7
of Cardellini et al., 2017). Fridriksson et al. (2006) at Reykjanes area
(Iceland) also showed that the soil CO5 diffuse degassing corresponds to
about 97% of the total CO5 emission.

Pedone et al. (2015) highlighted that when one considers the large
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Fig. 7. a) Photo showing a high CO, concentration (42,000 ppm) measured on
the ground during the 2021 fieldwork; b) Detail of a little dead bird found in the
area. Photo by Fatima Viveiros.

Furnas volcanic system (caldera and south flank), the diffuse degassing
CO5 (Viveiros et al., 2010) dominates over the estimation of the fuma-
rolic emission. However, at the scale of fumarolic ground, the estimated
fumarolic contribution was higher than the diffuse degassing. Additional
studies are lacking in the literature that couple diffuse degassing and
fumarolic emissions estimations. Nevertheless, this study again high-
lights the contribution of the permanent gas emissions (diffuse degassing
and fumarolic processes) to evaluate the global volcano carbon budget,
as recently shown in the literature (Werner et al., 2019; Fischer and
Aiuppa, 2020).

Previous studies recognized visible manifestations of volcanism at
Fogo Volcano (Viveiros et al., 2015a, 2015b) and diffuse degassing from
soil (Viveiros et al., 2015b) and lake (Andrade et al., 2020) areas were
also mapped (in particular, at Fogo Lake, CO5 originated from a biogenic
source). An interesting comparison can be done between the gas flux
estimated in this study with several areas of the Azores archipelago
standardized by area (Table 6). For instance, we note that the hydro-
thermal CO5 released at Caldeiras da Ribeira Grande is of the same order
of magnitude of the CO, emitted at Furnas Volcano (Viveiros et al.,
2010, 2012) and Furnas do Enxofre fumarolic field (Viveiros et al.,
2020a).

From a hazard perspective, our model results did not show CO,
concentrations above the minimum hazard threshold of 5,000 ppm (e.g.,
NIOSH, 2007; Granieri et al., 2013; Viveiros et al., 2016) at any of the
two simulated heights, although hazardous indoor CO; concentrations
were locally measured in the Caldeiras da Ribeira Grande buildings
(Viveiros et al., 2021) as well as close to the soil (at the ground level or
even in depressions/confined spaces) as shown in Fig. 7a. In fact, the
accumulation of hazardous concentrations close to the soil dilutes when
the gas is measured and simulated at 30 cm height. Previous studies
(Viveiros et al., 2008, 2009, 2015b) showed seasonal trends on the soil
CO; emissions with higher fluxes being measured in the winter period.
Additional studies are thus suggested to be carried out in the winter
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Table 6
Soil CO, emissions at the Azores archipelago degassing sites sorted by area.

Island Volcanic System Sampled site Soil diffuse CO, References

Hydrothermal emission (t dh Sampled area (km?) CO,/area (t d~* km™2)

S. Miguel Furnas Furnas Volcano 945 6.2 152 Viveiros et al. (2012)
S. Miguel Fogo Caldeiras da Ribeira Grande 30 0.27 111 Current study
Terceira Pico Alto Furnas do Enxofre 2.54 0.024 106 Viveiros et al. (2020b)
S.Miguel Sete Cidades Ferraria 5.23 0.47 11 Lisetti (2013)
4185000
1
4184800
0.075
4184600
0.050
4184400 T
0.020 ¢p
S,
©
4184200 ©
0010 3
N’
4184000
0.073
4183800 0.015
4185000
1
4184800 A
0.075
4184600
0.050
4184400 'EE
0.020 "¢
_~
©
4184200 °
0010 3
N
4184000 A
0.073
4183800 0.015
632600 632800 633000 633200 633400 633600
16:).0 18'7.5 21'5,0 24‘2.5 27:)40 2975 3250 3525 380.0 4075
m a.s.l.

Fig. 8. Long-term probabilistic H,S concentration maps obtained by scaling x50 the fumarolic flux, considering a meteorological variability over the last 30 years
(1991-2020). The maps show the exceedance probability (EP) of a) 5% and b) 50% at 0.3 m from the ground. Superimposed to the grayscale representation of the
topography (DEM courtesy the SIG team, IVAR).
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season to evaluate potential variations on the dispersion results and
main outputs estimated.

Moreover, we cannot also exclude the potential impact of the HsS in
the gas plume. Although there are no robust indications of lethal dose for
small animals in the literature (data are mainly provided for rats, e.g.,
Moulin et al., 2022; Dorman et al., 2004), we know that the exposure to
low HyS concentration can be harmful for humans (in the range of
0.015-0.15 ppm; e.g., Settimo et al., 2016) and very likely also for small
animals (see Fig. 7b). For this reason, we also provided the long-term
probabilistic concentration maps for HoS cautiously based on the high-
est HyS/CO; molar ratio measured in the investigated area (Fig. 8). In
this case, the simulated CO5 concentrations (Fig. 6) were converted in
H,S by using a representative HyS/CO, molar ratio of 3 x 1073 (as re-
ported in Caliro et al., 2015, in accordance with the highest measure-
ment of the molar ratios acquired in their survey). Here we only focused
the attention on a height of 0.30 m from the ground showing that some
of the thresholds considered relevant for human health were overcome
at 5% and 50% exceedance probabilities (for example, 0.015 ppm:
tolerable range of concentrations for short period, 30 min; 0.11 ppm:
daily averaged threshold; 0.15 ppm: paralysis of optic nerve; 500 ppm
death after few minutes; Settimo et al., 2016). In particular, the peaks
reached in these maps are ~2.7 ppm (at 5% exceedance probability)
and ~ 0.9 ppm (at 50% exceedance probability).

6. Conclusions

In this work, we presented the results of a survey carried out during
July/August 2021 aimed to estimate the gas fluxes at Caldeiras da
Ribeira Grande. Soil CO, fluxes were quantified through field campaigns
and a minimum diffuse flux of ~40 t d”! was estimated. Two pop-
ulations for the CO; released were found, highlighting biogenic and
volcanic-hydrothermal sources.

Beyond the use of degassing maps to contribute to the estimation of
the global carbon budget and to identify hidden tectonic structures, this
study offers, for the first time, the indirect estimation of the fumarolic
flux (~174td ™) through a statistical model validation able to find out a
best fit between observed and simulated CO, concentrations. Such a
validation allowed us to provide the estimate of the diffuse COy flux
(=35t d’l), in good accordance with the field data. As in this new
modeling there is a good agreement between the values measured in situ
and the simulations, we highlight the potential to use this method to
estimate total fluxes in other hydrothermal areas, where there is diffi-
culties in estimate the hydrothermal fluxes, and this is quite important
for the estimation of the carbon budget.

Moreover, the long-term probabilistic concentration maps of COy
revealed that no hazardous thresholds for humans can be reached at 5%
and 50% exceedance probability, considering the present-day gas
dispersal scenario. However, the death of small animals may be both due
to local CO4y concentration that occasionally reached peaks in poorly
ventilated areas or depression, and to the presence of H,S. By using the
highest HyS/CO, measured molar ratio in the area as reference, we
converted the simulated CO concentrations in HsS values showing that
peaks of ~2 and ~ 1 ppm could be reached at 0.3 m from the ground,
considering the 5% and 50% exceedance probability, respectively.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2023.107807.
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