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Abstract: Carbon dioxide produced by human activities (use of fossil fuels, deforestation and live-
stock farming) is the main greenhouse gas causing global warming. In 2020 the concentration in the 
atmosphere exceeded the pre-industrial level by 48% (before 1750). Study of natural CO2 (Carbon 
Dioxide) emissions due to volcanic activity through innovative measurement techniques is the main 
goal of the IPANEMA project. These studies are both essential for evaluation of natural CO2 emis-
sion and for development of future Carbon Capture and Storage in underground geological for-
mations, to ensure that there are no leaks from the storage sites. Through the installation of two 
underwater acoustic stations, one in Panarea and one in the Gulf of Catania, we want to investigate 
techniques for estimating the flux of CO2 emitted by natural sources, for locating the emission 
sources and, in general, for the monitoring of volcanic activity. 
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1. Introduction 
The European Carbon Dioxide Capture and Storage Laboratory (ECCSEL-ERIC) is a 

distributed pan-European research infrastructure that connects the main existing labora-
tories in Europe working on CO2 Capture and Storage (CCS). The IPANEMA project pro-
vides for the implementation of the ECCSEL NatLab-Italy laboratory and involves OGS 
(National Institute of Oceanography and Experimental Geophysics), INGV (National In-
stitute of Geophysics and Volcanology) and INFN (National Institute for Nuclear Phys-
ics). The goal is the creation of a network of tools for monitoring and studying natural 
CO2 emissions mainly due to the volcanic activity present in the Mediterranean area, with 
particular attention to the Aeolian Islands and the Ionian Sea. 

IPANEMA project is conducted on two different geographical areas of Sicily (see Fig-
ure 1). On the one hand, an autonomous station will be installed in the Panarea Island, 
and on the other hand, another seafloor observatory will be connected to the on-shore in 
the Gulf of Catania. 
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Figure 1. (a) The two study sites of the IPANEMA project: The location for the Panarea observatory 
in the Aeolian Islands (North-East Sicily) and the location for the observatory in the Gulf of Catania, 
at the end of the Test Site cable (East Sicily). (b) Active tectonic faults that form an extensive CO2-
emitting fumarolic field in Panarea. (c) Deep underwater multidisciplinary laboratory since 2005 in 
the Gulf of Catania. 
1.1. Panarea Island Observatory 

The first study area, in the shallow waters of Panarea (24 m depth), is part of a large 
quiescent submarine strato-volcano, characterized by active tectonic faults that form an 
extensive CO2-emitting fumarolic field. Fumaroles are underwater openings on the sea-
bed that allow the escape of high-temperature gases, typical of volcanic and geothermal 
areas and represent an important source of information on the volcanic activity of the area 
to which they are closely related. This site has therefore already been chosen by OGS to 
investigate the effects of increase of carbon dioxide on the biogeochemical and ecological 
functions of the marine ecosystem. The study of natural CO2 emissions in Panarea repre-
sents an optimal “test bench” for analyzing CO2 storage monitoring and control methods. 
Among several proposed techniques to reduce CO2 concentration in atmosphere, there is 
carbon capture and storage (CCS), which allows for the removal of CO2 from the atmos-
phere and its permanent storage under the Earth’s surface. Monitoring of CO2 storage is 
a fundamental phase which guarantees the safety and sustainability of this methodology 
and consists in checking that there are no leaks from the storage site. In this context, un-
derwater acoustics represents a non-invasive and efficient method to monitor CO2 emis-
sions in the marine environment from underground sources [1–6]. In the framework of 
the IPANEMA project, an autonomous observatory hosting a 4-hydrophones acoustic ar-
ray will be installed off Panarea coasts aiming at the developing of acoustic techniques for 
bubbles localization and for the measurement of the CO2 flux. 

1.2. Gulf of Catania Observatory 
The second study area is located in the Gulf of Catania (25 km East off the coast at a 

depth of 2050 m), where a deep underwater multidisciplinary laboratory is operative since 
2005. The site is served the OnDE, SMO, SN 1, FOCUS-ERC experiments [7–10]. The area 
is suitable for the study of numerous natural hazard issues due to high seismicity and the 
presence of the Etna volcano whose roots sink down to seafloor. In this area the possible 
presence of acoustic signals (tremors and cracks) related to the volcanic activity of Etna 
will be investigated. 
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2. The Underwater Stations 
The Panarea shallow water site will be acoustically monitored by an array of 4 large 

bandwidth hydrophones (model Ocean Sonics IcListen Smart Hydrophone) fed by a battery 
pack. In order to locate CO2 emissions acoustically, the 4 hydrophones are time synchro-
nized. Time synchronization has been obtained by using the internal clock of one of the 
acoustic sensors as a master clock for the other sensors. Synchronization was tested and 
verified during tests on dry bench. From considerations on the internal memory capacity 
of the hydrophones (497 GB), on the electrical consumption of the sensor and on the en-
ergy capacity of the battery pack (408 Ah), a data taking mode that provides 6-min record-
ings every hour was set. For the first measurement campaign, acoustic data are acquired 
with a sampling frequency of 128 kHz. This choice guarantees the acoustic monitoring of 
the study area for about 6 months. Given the shallow depth at which the Panarea station 
is located, it was deemed necessary to create a protecting structure to safeguard the in-
strumentation from wave and atmospheric phenomena and from fishing activities. This 
structure, designed at the INFN-LNS, consists of a fixed part to be anchored to the seabed 
and a removable part which houses the sensors and battery pack, and which will be cycli-
cally replaced at the end of each data collection period. The battery pack that powers the 
hydrophones is placed inside a bento-sphere that has been subjected to a vacuum leak 
test. The hydrophones are fixed on supports whose respective distances are 1 m (see Fig-
ure 2). 

   
(a) (b) (c) 

(d) 

Figure 2. Panarea acoustic station during the mechanical assembly phase: (a) The commercial hy-
drophone forming the array, (b) the battery pack, (c) the IPANEMA station with the open deck, and 
(d) the IPANEMA station with the closed deck where the 4 hydrophones are shown. 
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On 9 May 2023, the installation of the Panarea acoustic station was completed in an 
area rich in submerged hydrothermal springs where the INGV has a monitoring site (see 
Figure 3). After six months, the removable part will be replaced by an identical one and 
continue to collect data without big lost chunks, being able to download the data taken. 
This will allow the start of the analysis of the months already recorded, checking the data, 
and testing the analysis algorithms to automate in future deployments. 

(a) (b) 

Figure 3. Panarea acoustic station during its first deployment: (a) Crane boat submerging the station 
in water and (b) a submerged diver to release the station from the crane.. 

The study area in the Gulf of Catania will be monitored by a cabled underwater 
acoustic array consisting of 4 hydrophones and oceanographic instrumentation for the 
measurement of the main seawater parameters, such as pressure, conductivity, tempera-
ture, depth, dissolved oxygen, salinity, and pH. Hydrophones having a sensitivity varia-
tion as a function of the depth better than 1 dB (model SMID TR-401) where selected for 
the Catania deep sea study area (see Figure 4). They are installed at the vertices of a tetra-
hedron with an edge of 1 m. All acoustic sensors and oceanographic instrumentation are 
Global Positioning System (GPS) time synchronized. Data transmission takes place 
through optical fibers and all data is streamed in real-time to shore, which will allow it 
possible for their analysis at the same time. 

 
(a) 

 
(b) 
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Figure 4. The IPANEMA Catania station: (a) The mechanical frame (front view), (b) the mechanical 
frame (side view), and (c) the electronics container. 

The deployment of the Catania acoustic station is foreseen in spring/summer 2024. 

3. The Data Analysis 
The effectiveness of passive acoustic monitoring techniques in the context of a con-

trolled CO2 gas release experiment was demonstrated in the QICS (Quantifying and Mon-
itoring Potential Ecosystem Impacts of Geological Carbon Storage) project conducted off 
the west coast of Scotland [1]. Further studies conducted in the North Sea have demon-
strated the possibility of determining the diameter of CO2 bubbles acoustically and esti-
mating the position using beamforming techniques [2,3]. Passive acoustic has been also 
applied to the monitoring of natural gas seeps [4–6]. 

Bibliographic research has revealed the presence of various scientific works dedi-
cated to the study of the fumaroles of Panarea using acoustic methodologies. In [5] the 
variations in the flow of CO2 and the presence of any anomalies were studied and in [6] 
an approach to quantify bubble size and gas flux were developed. 

The primary goal of the research in Panarea is the size estimation of the bubbles start-
ing from their acoustic spectrum, thus making it possible to determine the flow of gas 
emitted. Size estimation of the CO2 bubbles can be done using the Minnaert formula [11] 
which correlates its fundamental peak frequency with its radius 𝑟 and the environmental 
pressure 𝑃 (see Equation (1)). 𝑓 ൌ 12𝜋𝑟ට3𝑃𝛾𝜌  (1) 

where 𝛾 is the ratio of gas specific heat, at constant pressure and volume, and 𝜌 is the 
water density. 

This formula is only suitable for the case where the rate of bubble generation is low, 
and it is possible an automatic detection of bubble signals from ambient background 
noise. Instead in the case of high gas flux conditions sounds will appear as a continuous 
stationary random process and it will be necessary to apply the inversion method to the 
measured acoustic spectrum [2,6]. 

The gas flux estimate is derived from the Probability Density Function (PDF) of the 
bubble equilibrium radius considering acoustic propagation to determine acoustic range. 
Isolated CO2 emissions will be tracked acoustically by using multi-lateration techniques 
based on difference of times of arrival of the sound to the sensors. Continuous emissions 
will locate through beamforming and cross-spectrum methods [3]. 

5. Conclusions and Next Steps 
The IPANEMA project aims to study the natural emissions of carbon dioxide in the 

Mediterranean region due to volcanic activity. The project is part of ECCSEL-ERIC, which 
has a broader purpose of monitoring artificial CO2 emissions to combat climate change 
testing the feasibility of Carbon Capture and Storage techniques. During this project, two 
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underwater stations have been designed for the underwater data recording: Panarea, an 
autonomous station replaceable every 6 months, and Catania, a station connected and 
fully controlled from onshore. 

As a start of the installation phase, the Panarea station has already been deployed 
and is operational. It is planned to periodically replace the hydrophones and the battery 
pack (removable pack from the base). After, efforts will be made to retrieve the already 
collected data and analyze it with the aim of quantifying the emitted carbon dioxide flux 
and the location of the fumaroles. 

Acknowledgments: This work has been carried out in the framework of the IPANEMA PROJECT 
PO-FESR Asse—Azione: Asse II—Azione ProgettiTematici II.1—Infrastrutture di ricercar 
PIR01_00018 and ECCSEL NatLab Italy. 

References 
1. Bergès, B.J.; Leighton, T.G.; White, P.R. Passive acoustic quantification of gas fluxes during controlled gas release experiments. 

Int. J. Greenh. Gas Control. 2015, 38, 64–79. https://doi.org/10.1016/j.ijggc.2015.02.008. 
2. Li, J.; White, P.R.; Roche, B.; Bull, J.M.; Leighton, T.G.; Davis, J.W.; Fone, J.W. Acoustic and optical determination of bubble size 

distributions—Quantification of seabed gas emissions. Int. J. Greenh. Gas Control. 2021, 108, 103313. 
https://doi.org/10.1016/j.ijggc.2021.103313. 

3. Li, J.; White, P.R.; Bull, J.M.; Leighton, T.G.; Roche, B.; Davis, J.W. Passive acoustic localisation of undersea gas seeps using 
beamforming. Int. J. Greenh. Gas Control. 2021, 108, 103316. https://doi.org/10.1016/j.ijggc.2021.103316. 

4. Leifer, I.; Tang, D. The acoustic signature of marine seep bubbles. J. Acoust. Soc. Am. 2006, 121, EL35–EL40. 
https://doi.org/10.1121/1.2401227. 

5. Longo, M.; Lazzaro, G.; Caruso, C.G.; Corbo, A.; Sciré Scappuzzo, S.; Italiano, F.; Gattuso, A.; Romano, D. Hydro-acoustic signals 
from the Panarea shallow hydrothermal field: New inferences of a direct link with Stromboli. Geol. Soc. 2021, 519, SP519-2020. 
https://doi.org/10.1144/SP519-2020-18. 

6. Li, J.; Roche, B.; Bull, J.M.; White, P.R.; Davis, J.W.; Deponte, M.; Gordini, E.; Cotterle, D. Passive acoustic monitoring of a natural 
CO2 seep site—Implications for carbon capture and storage. Int. J. Greenh. Gas Control. 2019, 93, 102899. 
https://doi.org/10.1016/j.ijggc.2019.102899. 

7. Riccobene, G. Long-term measurements of acoustic background noise in very deep sea. Nucl. Instruments Methods Phys. Res. 
Sect. A: Accel. Spectrometers, Detect. Assoc. Equip. 2009, 604, S149–S157. https://doi.org/10.1016/j.nima.2009.03.195. 

8. Simeone, F.; Viola, S. The SMO Project: A Submarine Multidisciplinary Observatory in Deep-Sea. In Proceedings of the 2011 
IEEE 8th International Conference on Mobile Ad-Hoc and Sensor Systems (MASS), Valencia, Spain, 17–22 October 2011; pp. 
898–903. 

9. Favali, P.; Chierici, F.; Marinaro, G.; Giovanetti, G.; Azzarone, A.; Beranzoli, L.; De Santis, A.; Embriaco, D.; Monna, S.; Lo Bue, 
N.; et al. NEMO-SN1 Abyssal Cabled Observatory in the Western Ionian Sea. IEEE J. Ocean. Eng. 2013, 38, 358–374, 
https://doi.org/10.1109/joe.2012.2224536. 

10. Gutscher, M.-A.; Royer, J.-Y.; Graindorge, D.; Murphy, S.; Klingelhoefer, F.; Aiken, C.; Cattaneo, A.; Barreca, G.; Quetel, L.; 
Riccobene, G.; et al. Fiber optic monitoring of active faults at the seafloor: I the FOCUS project. Photoniques 2019, 32–37. 
https://doi.org/10.1051/photon/2019s432. 

11. Minnaert, M. XVI. On musical air-bubbles and the sounds of running water. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1933, 16, 235–
248. https://doi.org/10.1080/14786443309462277. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions, or products referred to in the content. 


