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Abstract: The Campi Flegrei area (CF) is a highly interesting place for scientific research due to a “dual” value con-
cerning Earth and Planetary Science. On the one hand, from a natural hazard assessment point of view, CF is one of the
most dangerous volcanoes on Earth in terms of its proximity to a densely populated urban area (the Neapolitan district
is home to about three million people living between CF, Vesuvius and Ischia). On the other hand, from a Planetary Sci-
ence point of view, the Solfatara crater high-temperature geothermal environment is comparable to terrestrial analogue
of Early rocky bodies inside the Solar System; and therefore, represents a prime astrobiology target. Due to the scien-
tific value this site represents, in the view of a comprehensive characterization, we show the preliminary results of the
exploitation of PRISMA data for the mineralogical characterization of the acidic products of the Solfatara crater and for
the fumarolic gases detection from space. Two datasets by PRISMA were analyzed: one before and one after the main
earthquake in the last 40 years, occurred on 27" September 2023 at the Solfatara site. Our preliminary results show

some variations in the carbon dioxide emissions from the fumarolic field.
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1. Introduction

The Campi Flegrei area (CF) is one of the most dangerous volcanoes on Earth in terms of its proximity to a densely
populated urban area . The most active volcanic sites in CF are Solfatara, whose crater hosts three main high-tempera-
ture fumaroles " and Pisciarelli, a NE-SW fault-related fumarolic field located a few hundred meters east of Solfatara.
Intense and persistent outgassing occurs at these fumarolic areas affecting humans, vegetation *' and fauna. Moreover,
the area is affected by widespread soil CO, release from “diffuse degassing structures” ' which sustain a total CO, out-
put of ~1100 + 120 t d”' . At Solfatara crater, fumarolic characterization was carried out by using in-situ analysis (e.g.,
) or proximal by using Tunable Diode Laser Spectroscopy . The adoption of novel technologies to estimate fumarol-

ic CO, fluxes has revealed that the fumarolic contribution to the whole CO, flux of the area is substantial, representing
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~50% of the soil CO, output **. In a study by Pedone et al. ", fumarolic CO, emissions at Campi Flegrei and their
dispersion in the lowest atmospheric boundary layer were investigated, innovatively utilizing a Lagrangian Stochastic
dispersion model combined with the Eulerian model (DISGAS) to diagnose the dispersion of diluted gas plumes over
large and complex topographic domains. In terms of natural hazards, the monitoring of fumarolic gases (mainly carbon
dioxide) release is crucial to collect the variation of gases concentration emitted from the main vents and to understand
if any volcanic activity renewal is occurring.

Moreover, in the field of Planetary Science, the minerals outstanding in the Solfatara crater may give clues about
the hydrothermal processes on Mars planet since the area is considered like a Mars analog . In this sense, the Solfatara
crater is also an important site to investigate the mineralogical alteration processes that may have occurred in the Early
Solar System and better understand the evolution of Early Mars and Early Earth.

Mineralogical studies on the Solfatara site were carried out by Caputo et al. ¥, by means of optical observations,
X-Ray Powder Diffractometry (XRPD), and Scanning Electron Microscopy (SEM). The authors could characterize
the site as consisting of native sulfur (S), Na-alunite KAL;(SO,),(OH),, mascagnite (NH,),(SO,),, amorphous silica,
quartz SiO,, barite Ba(S0O,), illite (K,H;0)(Al,Mg,Fe)2(Si,Al),0,,[(OH),,(H,0)], montmorillonite (Na,Ca),,;(Al,Mg)-
251,0,(OH),*n(H,0).

In this study, we show a comprehensive (main minerals + gas) characterization of the Solfatara crater achieved
through the exploitation of hyperspectral PRISMA ' data. Here, we aim to characterize the acidic products of the Solfa-
tara crater floor and propose a method to analyze fumarolic carbon dioxide detection from space.

For analyzing the variation of volcanic carbon dioxide concentrations, the method, addressed in the following sec-
tion, was applied to two sets of data. One dataset was acquired by PRISMA on 18" February 2021, which is before the
earthquake occurred on 27" September 2023 at 1:35 UTC """ Instead, the second dataset was obtained by PRISMA on
27" September 2023 at 9:51 UTC, about 8 hours after the seismic event occurred.

The earthquake occurred on 27" September 2023 (Md = 4.2 (£0.3) ") was the higher energy seismic event oc-
curred in the last 40 years, and the major event after the brady-seismic renewal started in 2005 .

Our results show that a certain increase in carbon dioxide concentration could be observed before and after the
main earthquake. It is noted that this is a preliminary study: in the future, a lot of measurements are necessary to achieve

a correlation (if any) between the data achieved by PRISMA and the volcanic activity of the investigated area.

2. Materials and Methods
2.1 Mineralogical characterization

To spectrally characterize the minerals occurring in the Solfatara site, we used the PRISMA L2 reflectance prod-
ucts. We computed the ratio between the pixel spectra in the Solfatara site and the average spectrum of the whole PRIS-

MA product, excluding black and water related pixels.

2.2 Gas detection

To evaluate whether the PRISMA satellite may detect CO, variations following tectonic-volcanic events in the
Solfatara area, we compare PRISMA acquisitions pre- and post- seismic event. One PRISMA observation is collected
8 hours after the main earthquake on 27" September 2023 (Figure 1), and another observation is collected on 18" Feb-
ruary 2021. The observation taken on 18" February 2021 (Figure 2) is already studied by Romaniello et al. """, The
choice of selecting the same data was made to validate our method by comparing our results with results from Ro-

maniello et al. ",
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Figure 1. RGB image (left) and zoom on Solfatara (right) of PRISMA L2 product collected on 27" September 2023.

Yellow arrows indicate the Solfatara site.

Figure 2. RGB image (left) and zoom on Solfatara (right) of PRISMA L2 product collected on 18" February 2021. Yel-
low arrows indicate the Solfatara site.

To quantify CO, concentrations, we applied the Continuum Interpolated Band Ratio (CIBR "'*) technique to the
two PRISMA observations. The CIBR algorithm processes radiance signals to extract CO, concentration information by
comparing specific spectral bands. The CIBR index is defined as follows:

CIBR=Lc/AxLI+BxLr 1)

where Lc is radiance at 2061 nm, LI is radiance at 1985 nm, Lr is radiance at 2111 nm. In the context of the CIBR
technique, A and B are weighting factors in Equation (1) that quantify the spectral separation between the “shoulder”
wavelengths—regions of the spectrum that exhibit minimal to no gas absorption—and the wavelength of the channel
that is significantly impacted by gas absorption. A and B are coefficients that can vary but must sum up to 1. Since the
range between 1900-2100 nm is also affected by absorptions related to water, Romaniello et al. """’ investigated the opti-
mal A e B values to minimize the influence of CIBR from the water contribution.

In our work, we used A=0.15 and B=0.85, which resulted to be the best values for avoiding the influence of water
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in CIBR calculation """,

The CIBR was calculated using Level 1 (L1) data, focusing on pixels exclusively within the Solfatara region. We
used the Planetary Spectrum Generator (PSG) to simulate PRISMA radiance data with a standard atmospheric model
and increasing CO, concentrations. The supplementary materials provide the parameters of PSG model in input. To con-
strain the eventual contribution of fumarolic CO,, simulations were computed starting from a standard atmospheric CO,
concentration of 400 ppm (local background; ).

We computed the CIBR using data from the PSG simulation of the PRISMA observations with increasing concen-
trations (in ppm): 400, 600, 800, 1000, 1500 (Tab. 1). Table 1 shows the parameters in input for the simulations on the

two observations.

Table 1. Input parameters used in the PSG simulations on 18 February 2021 and 27 September 2023.

Input Parameter Value Note
Spectral range 0.35-2.55 pm Spectral range of detection of PRISMA satellite
Atmospheric profiles US standard 1976 Reference atmospheric model
Surface temperature (US standard 1976) 290 K
CO2 concentrations 400, 600, 800, 1000, 1500 ppm See text
Ground reflectance 0.10 Reflectance value at surface
Altitude of the first layer 0 km First layer of the model US standard 1976
Altitude of the last layer 120 km
Number of vertical levels 53
Aerosol NO
Composition of the ground 70% Clays Abundance of clays respect to other minerals found by XRD
H20 column amounts 1.416 g/cm3 Vapor water in atmosphere
3. Results

By using PRISMA L2 products we could remotely identify overall features around 2.2 micrometers. Among the
minerals that feature absorptions around 2.2 micrometers we found a similarity in the shape with the spectral absorp-

tions of gypsum, alunite, and illite-montmorillonite, from the USGS library (Figure 3).
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Figure 3. Solid lines= spectral absorptions in PRISMA spectra on the Solfatara site; dotted lines = reference spectra

258



Prevention and Treatment of Natural Disasters | Volume 3 | Issue 2

from USGS library.
Concerning the gas detection, at first, we simulated also the observation of 18" February 2021, getting the CIBR
values corresponding to simulated concentrations (ppm): 400, 600, 800, 1000, 1500 (Figure 4).

18 Feb 2021 simulation

COMCENTRATION ppm

CIBR

Figure 4. PSG simulations of CO, different concentrations on PRISMA observation collected on 18" February 2021 on
Solfatara.

The mathematical relation between CIBR and concentrations resulted better approximated by a polynomial quad-
ratic curve as it can be observed from the plot of CIBR variations in relation to the background concentration, 400 ppm
(Figure 5, blue points).

Then, we plot the mean CIBR computed on real PRISMA observation related to 18" February 2021, to get the cor-

responding value of concentration. It resulted in about 600 ppm (Figure 5, orange point).
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Figure 5. Plot of CIBR variations respect to 400 ppm background CO, vs corresponding simulated concentrations. Blue
series are CIBR from simulated data, orange point is CIBR obtained from the real PRISMA observation. The error on
the real CIBR value is 10%.

The choice to extract the mean CIBR only on those pixel spectra within the Solfatara was made to reduce the ef-
fects of local noise in the signal data and therefore to keep a conservative approach.

Then we simulated also the observation of 27" September 2023, getting the CIBR values corresponding to simulat-
ed concentrations (ppm): 400, 600, 800, 1000, 1500 (Figure 6).
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27 September 2023 simulation
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Figure 6. PSG simulations of CO, different concentrations on PRISMA observation collected on 27" September 2023

on Solfatara.
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Figure 7. Plot of CIBR variations respect to 400 ppm background CO, vs corresponding simulated concentrations. Blue
series are CIBR from simulated data, orange point is CIBR obtained from the real PRISMA observation. The error on
the real CIBR value is 10%.

Also, in this case, the mathematical relation between CIBR and concentrations resulted better approximated by a
polynomial quadratic curve as it can be observed from the plot of CIBR variations in relation to the background concen-
tration, 400 ppm (Figure 7, blue points).

As in the case of 18" February 2021, we plot the mean CIBR computed on the pixel spectra within the Solfatara
from the PRISMA observation related to 27" September 2023. The corresponding value of concentration resulted in

about 750 ppm, as shown in Figure 7 (orange point).

4. Discussion and Conclusions

Pl can be used to

The central target addressed in this study is how hyperspectral data from the PRISMA mission
characterize both the mineralogical composition of the Solfatara crater and variations in fumarolic carbon dioxide (CO,)
emissions following seismic events. Specifically, this work explores whether the PRISMA hyperspectral dataset can be
used to detect CO, concentration variations associated with tectonic-volcanic activity, especially in the context of a ma-
jor seismic event that occurred on 27" September 2023.

This study fills a significant gap by applying remote sensing for both geological and atmospheric characterization

of a hazardous volcanic site. This is particularly critical for densely populated regions like Campi Flegrei.
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Moreover, by linking the findings to planetary science (Mars analog studies), our research broadens its relevance
beyond Earth sciences to astrobiology and planetary exploration.

Concerning the mineralogical characterization of the Solfatara site, by using PRISMA hyperspectral data we may
confirm the occurrence of the main absorptions related to a mixing of sulphates, illite and montmorillonite, as main min-
erals remotely detectable. This finding agrees with the mineralogical composition of samples collected in the Solfatara
site by Caputo et al. ™.

In this view, the Solfatara site could represent a potential analogue site "' for the study of Mars-like environments
with geological evidence of past volcanic activity and/or where the same mineralogical associations occur (Figure 8).
In particular, PRISMA hyperspectral data in this area can be used to interpret data collected by the Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM) onboard the Mars Reconnaissance Orbiter (MROQ) [ @ references therein]
For example, the alunite mineral was identified in the CRISM spectra on Cross crater, in the area of Terra Sirenum, indi-
cating acidic environment, like in the case of Solfatara, characterized by sulfurous waters in that area in the past, possi-

bly linked to magmatic activity '\
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Figure 8. Comparison between the PRISMA spectra in the Solfatara site and spectra of illite/muscovite and gypsum
seen by the CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) instrument on MRO on Mars.
Concerning volcanic gas emissions, since the unrest period started in 2005, the area of Solfatara recorded an in-
crease of fumarolic CO,/H,O ratio (from 0.2 before the unrest to 0.40 at present), underling an increase of hydrothermal
input in the volcanic conduit "'”. Also, the total CO, flux from the entire area (Solfatara + Pisciarelli) increased from
3200 t/d (in 2020) to 4000 t/d (in 2023) """, The unrest started in 2005 was accompanied by seismicity in the area with 2
main high energy earthquakes: one on 27" September 2023 (Md=4.2) and on 20" May 2024 (Md=4.4; the latter not dis-
cussed in this study). Our work aims to use the CIBR-based model """ to derive the CO, concentrations emitted from
the fumarolic field of Solfatara and find (if any) variations of CO, concentrations in the two PRISMA datasets (in 2021
and in 2023). Our work shows an average variation in the concentration of (emitted) CO, of 150 ppm between the ob-
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servation related to 18" February 2021 and the other related to 27" September 2023. This concentration increment could
be (or not) related to an increase of hydrothermal gases input after the earthquake of 27" September 2023. We are not
able to compare our PRISMA-based results with direct CO, measurements in the fumaroles, on the same day (a special
permission is needed to enter and take in-situ samples/measurements for surveillance since the end of 2017). However,
we can refer to the seismicity/volcanology information that is freely available in the INGV bulletin "', We found that
a fixed station installed at Pisciarelli, at higher level to respect the level of the fumaroles, measured in-air-CO, concen-
trations of 2500-3000 ppm in 2021 and 3500 ppm in September (and October) 2023 "%, In other words, our 150-ppm
increment from 2021 to 2023 (our study) could be related to about 500-1000-ppm increment measured from the fixed
in-air-station. We would emphasize that this is preliminary pioneering research since hyperspectral analysis is new and
under development yet. We support the idea that long temporal series are necessary to find (if any) correlation between
proximal (ground stations) and remote (from satellites) signals. A more adequate hyperspectral dataset is necessary to
have a robust statistical analysis.

At present, this study demonstrates how hyperspectral data can supplement and extend the previous well-known
in-situ techniques applied to volcanic hazard assessment, offering continuous wide-area coverage.

This study demonstrates the potential of remote sensing to monitor volcanic emissions at a regional scale and lev-

erages remote sensing to expand the accessibility of volcanic monitoring.
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