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Abstract—Localizing greenhouse gas (e.g., CO2) leakage 

from the sub-seabed is necessary to determine the passive 

acoustics as an effective environmental monitoring tool above 

marine carbon storage sites. In this paper, we develop an 

approach to verify the passive acoustic technique using 

hydrophones at different positions to localize a discrete natural 

CO2 vent site offshore the island of Panarea, Sicily. A cross-

correlation method determines the relative arrival time of 

bubble sounds at these hydrophones from the same gas seep. By 

comparing the time difference of sound arrivals and computing 

the direct travel path, we are able to localize the vent site. The 

results show that our approach is able to localize a CO2 gas seep 

with a gas flux of 2.3 L/min at horizontal distances of up to 6.67 

m with small errors. 

Keywords—Carbon Capture and Storage (CCS), gas leakage, 

localization, passive acoustics, greenhouse gas 

I. INTRODUCTION

In recent years, offshore Carbon Capture and Storage 
(CCS) has been recognised as an effective option for reducing 
greenhouse gas emissions into the atmosphere [1]-[4]. 
However, technologies for monitoring the integrity of a 
marine CCS site are vital. There are several strategies for 
achieving this [5]-[9]. Among these strategies, passive 
acoustics has been presented as one of the feasible techniques 
[10]-[16], focusing on the sound radiated by gas bubble 
oscillations as they are formed at the seabed and enter the 
water column [17].  

Research on excess CO2 in marine systems is often based 
on lab-based experiments and field studies of natural seeps 
[18]. Panarea (Fig. 1), is a small Aeolian island in the southern 
Tyrrhenian Sea, northeast of Sicily [19]-[24]. The island and 
its associated islets are the subaerial expression of a large 
submarine stratovolcano, originally formed by the subduction 
of the African continental plate below the Eurasian plate [21], 
[25], [26]. While there has been no evidence of volcanic 
activity on the island over the last 8000 years [27] the 
underlying silicic magma chamber is still present and has 
established a shallow hydrothermal system [28], which 
resulted in dozens of natural CO2 seeps in the area. 

Analysis of these seeps has shown the gas content to be 
relatively stable composed of 98% CO2, 1.7% H2S and 0.3% 
other trace gases (N2, He, H2, CH4) [22], [29]-[31], though the 
physical rate of gas flux can vary greatly from one seep to the 
next. These natural marine CO2 gas seeps provide an excellent 
test bed to investigate the localization capability of passive 
acoustics when fluids escape from the seabed. Indeed, gas 
leakage in offshore Panarea has been studied in depth since 
the 1980s [32], [33], with over 80 release sites mapped 

throughout the surveyed area [21]. There has even been 
continuous passive acoustic monitoring of bubble emission 
[34], the variation of gas flux influenced by tidal activity [14], 
and bubble transect to determine the available gas flux 
detection and quantification range [13]. However, relatively 
little work has been performed to characterize the capabilities 
of passive acoustics in terms of localization.  

Fig. 1. Map of Panarea island and the surrounding islets. The deployment 

site (a red X, 12.5m in depth) is located northeast edge of the isolated islet 

Lisca Bianca along fracture (38˚38'25'N, 15˚06'56'E). 

This paper investigates the effectiveness of passive 
acoustic localization over a natural CO2 seep offshore Panarea. 
This site is a shallow water, typical water depths of 10m, 
which presents additional challenges to most CCS sites, which 
are usually found in deeper water. Multiple hydrophones were 
positioned at various horizontal distances on the seabed to a 
natural CO2 vent site to measure the acoustic signals (Section 
II-A). To perform the localization, cross-correlation is used to
determine the time differences of sound arrivals. It is possible
to identify the delays due to reflections from the sea surface.
This in turn allows identification of the direct path from the
seep to the hydrophones. In the final step, the vent site is
localized by converting three direct path delays to vent site
ranges (Section II-B). The field results, i.e., CO2 gas vent site
localization (Section III) illustrate the potential of passive
acoustics for CCS gas leakage localization in real scenarios.
We also discuss the applicability of using the developed
approach as one of the strategies for the localization of gas
leakage from marine carbon storage sites in Section IV.

II. METHODS 

In this section, we describe the method of hydrophone 
deployment and the acoustic data processing used to perform 
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the localization. The deployment is at the western edge of the 
Bottaro Crater, 3.3km to the east of Panarea (Fig. 1). The 
depth of the deployment was around 12.5m. CO2-rich gas 
bubbles were continuously escaping from an active vent site, 
and formed a bubble plume above the vent site (Fig. 2(b)). 

A. Deployment 

Three hydrophones were connected to an acoustic recorder 
(RS ORCA), which were used to measure and record the 
acoustic signatures being emitted by gaseous bubbles 
escaping from the sediment into the water column. Fig. 2 
shows a cartoon of the experimental geometry and a 
photograph of the experiment on the edge of Bottaro Crater. 
Two of the hydrophones (hydrophone 1 and 2) were 
positioned at the horizontal distances of -0.3m and 0.74m from 
the vent site through the whole experiment, and the third 
hydrophone was used as transect at various positions, 
specifically at horizontal distances of -1.44m, 1.95m to 6.67m, 
and 8.35m in a perpendicular direction away from the seep site 
to the line of hydrophones. Note that the negative ranges in 
this paper refer to the east positions of the seep site. To reduce 
the acoustic influence from seabed grasses or rocks (Fig.2(b)), 
each hydrophone was fixed on a securely positioned tripod 
(with a height of 0.75m) on the smoothly sloped seabed to an 
altitude of about 1m at a horizontal distance of 7m (Fig. 2(a)).  

 

(a) Overall experiment geometry 

 

(b) A photograph of the central part of the experiment 

Fig. 2. Experimental geometry over a natural CO2 seep on the western edge 

of Bottaro Crater. (a) Overall experiment geometry showing the location of 
the seep and the horizontal distances of hydrophones to the seep (see TABLE 

I for hydrophone coordinates). The slope of the seabed out of the crater to 

the west possesses an initial angle of about 20˚ and becomes smoother as it 
extends to the further west in this area. (b) A photograph of the central part 

of the experiment showing the three hydrophones at horizontal distances of 

-1.44 m, -0.3 m and 0.74 m from the seep. The seep site is circular with a 

radius of 0.1 m.  

These hydrophones were absolutely calibrated with 
receive sensitivity of -164.5 dB re: 1 V/µPa. A gain of 15dB 
data was applied to each hydrophone channel, and a sampling 
frequency of 96kHz was used. The different acoustic channels 
were synchronously recorded. Data presented here were 

collected on May 16th 2018 when winds were light, sea state 
<2 on the Beaufort scale. 

B. Data Processing  

With the measured acoustic data from the three 
hydrophones, we first perform cross-correlation between 
every pair. Cross-correlation provides estimates of delays 
between these acoustic sensors. However, in an underwater 
acoustic channel, reflecting boundaries involve the sea surface 
and seabed. The minimum delay from the sea surface 
reflection is known. In this paper, we assume that the bubbles 
sound at the gas seep on the seabed, thus the acoustic 
reflection from the seabed in the propagation channel is 
neglected and only the direct propagation path is considered. 

In our case, the minimum propagation time of the sea 
surface reflection path in the channel is 12.5×2/c = 16ms, and 
the maximum propagation time of the direct path in the 
channel is approximately 8×2/c = 5.3ms, where c = 1519m/s 
is the underwater sound speed measured during the 
experiment. Thus, by setting a proper threshold (e.g., 10ms) 
on the computed delays, we are able to remove the delays due 
to the sea surface reflection, and obtain three delays (d1, d2, d3) 
from the three direct paths: 

{

𝑑1 = 𝑡2 − 𝑡1;
𝑑2 = 𝑡3 − 𝑡1;
𝑑3 = 𝑡3 − 𝑡2;

                                    (1) 

where t1 is the direct propagation time of the sound measured 
at hydrophone positioned at -0.3m, t2 is that at 0.74m, and t3 
is that at the transect positions -1.44m, 1.95-6.67m, and 8.35m 
in perpendicular in our case. The direct propagation range 
differences between the three hydrophones are computed as 

{

𝑟1 = 𝑑1 − 𝑐;
𝑟2 = 𝑑2 − 𝑐;
𝑟3 = 𝑑3 − 𝑐;

                                    (2) 

The coordinate map Fig. 3 shows the centre of a gas vent site 
(O) and representative positional coordinates of the three 
hydrophones (x1, y1, z1), (x2, y2, z2), (x3, y3, z3) and the gas vent 
site position to be estimated (x0, y0, z0). The relationship 
between these coordinates can be 

{

√(𝑥2 − 𝑥0)
2 + (𝑦2 − 𝑦0)

2 + (𝑧2 − 𝑧0)
2 − √(𝑥1 − 𝑥0)

2 + (𝑦1 − 𝑦0)
2 + (𝑧1 − 𝑧0)

2 = 𝑟1;

√(𝑥3 − 𝑥0)
2 + (𝑦3 − 𝑦0)

2 + (𝑧3 − 𝑧0)
2 −√(𝑥1 − 𝑥0)

2 + (𝑦1 − 𝑦0)
2 + (𝑧1 − 𝑧0)

2 = 𝑟2;

√(𝑥3 − 𝑥0)
2 + (𝑦3 − 𝑦0)

2 + (𝑧3 − 𝑧0)
2 −√(𝑥2 − 𝑥0)

2 + (𝑦2 − 𝑦0)
2 + (𝑧2 − 𝑧0)

2 = 𝑟3;

                               

(3) 
The hydrophone coordinates are derived from the detection of 
direct path and the sea surface reflection path using the cross-
correlation computing the delay differences in the acoustic 
channel as well as from the physical measurements from the 
diver deploying the system. To solve equation (3), we apply a 
non-linear least-squares algorithm, i.e., the Levenberg-
Marquardt and trust-region methods [35]. Subsequently, we 
can obtain the estimated coordinate of the vent site and 
compute the localization error by comparing it to the seep site 
centre O (0m, 0m, 0m). 
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Fig. 3. Coordinate map shows the real gas vent centre (O) and the location 

of gas seep (x0, y0, z0) (star) from the data recorded by hydrophones at 
different positions (squares). r1, r2, r3 are the range differences between the 

three hydrophone positions (x1, y1, z1), (x2, y2, z2), (x3, y3, z3), respectively. 

 

Fig. 4. An example of cross-correlation results with the input of acoustic 

data (1 second) measured by hydrophones positioned at -0.3m, 0.74m, and 

3.91m. The red star shows the delays between hydrophone acoustic data. 

III. RESULTS  

This CO2 gas vent site is identified as possessing a gas flux 
of 2.3L/min [13], and the origin of the coordinate system is 
chosen to be the leak site. The measured average delays of 
direct propagation path and coordinates for these positions and 
transect hydrophones are shown in TABLE I. As the distance 
between the vent site and the hydrophones increases, the delay 
measured in the data also increases.  

Fig. 4 shows an example of the cross-correlation of 
acoustic data measured by three hydrophones positioned at -
0.3m, 0.74m, and 3.91m. With these cross-correlation results, 
the delays between them are determined from the highest 
amplitudes, providing inputs to the (2). From this figure, we 
can also see that the estimated cross-correlation function has 
more noise on it as the hydrophone distance to the vent site 
increases. This is because as the distance increases, the signal-
to-noise ratio (SNR) of the data measured by the hydrophones 
decreases.    

 

TABLE I.   HYDROPHONE POSITIONS, AVERAGE DELAY (-1.44~8.35M) 

WITH -0.3M  DATA, AND HYDROPHONE COORDINATES. 

Position Delay with -0.3m Hydrophone coordinates 

a 0.56ms (-1.44m, 0m, 0.75m) 

b 0.00ms (-0.30m, 0m, 0.75m) 

c 0.47ms (0.74m, 0m, 1.38m) 

d 1.06ms (1.95m, 0m, 1.42m) 

e 1.74ms (3.11m, 0m, 1.46m) 

f 2.24ms (3.91m, 0m, 1.50m) 

g 2.83ms (4.88m, 0m, 1.73m) 

h 3.49ms (5.83m, 0m, 1.71m) 

i 4.02ms (6.67m, 0m, 1.70m) 

j 4.82ms (0m, 8.35m, 0.85m) 

Fig. 5 shows the estimated gas vent site positions in X, Y, 
Z directions (Fig. 3) relative to the real vent site centre, the 
associated error bars at different distances of the hydrophone 
3 are also indicated.  

By solving the equation (3) using the Levenberg-
Marquardt and trust-region methods [35] with an input of 120 
data points with 1 second each, the coordinates of the gas seep 
in the X, Y, and Z directions (Fig. 2(a)) are estimated, which 
is shown in Fig. 5. The vertical line (error bar) for each 
hydrophone distance is the estimated value ranges in each 
direction, and the circle on each line is the averaged value.  

(a) X direction 

(b) Y direction 

(c) Z direction 

Fig. 5. Estimated CO2 gas seep positions with error bars (differences 
between the estimated seep location and the real seep location O) from 120 

data points with 1 second each, in (a) X direction; (b) Y direction; (c) Z 

direction. Dashed lines (0, 0, 0) is shown as the centre of the real vent site 

for comparison.  
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In the following description, the precision is reflected in 
the size of the error bar, and the accuracy indicates how close 
the value in Fig. 5 is to zero.  

In Fig. 5(a), the finest precision occurs for range -1.44m, 
and it is also the least accurate. This means that it has the 
smallest error bars, and its mean is a greater number of error 
bars from zero than any other point. The size of the error bar 
in Fig. 5(b), for 1.95, 3.11 and 3.91m horizontal distances is 
not too much smaller than the size of the error bar at 8.35m. 
The finest precisions are at -1.44m and 6.67m, and they have 
similar precisions to each other. They are much better than the 
precisions at 1.95, 3.11, 3.91, 4.88, 6.67 and 8.35m. Similarly, 
in Fig. 5(c) the precision at 1.95m is similar to the precision at 
8.35m. The 6.67m hydrophone has the finest precision of them 
all, but is less accurate than all the other hydrophones except 
the 8.35m one. Taken together, these results show an accurate 
localization (error within ±0.3m) of the gas vent site up to 
6.67m. 

IV. CONCLUSIONS 

The localization of a natural CO2 gas seep site is presented 
offshore the island of Panarea, Sicily. We have developed a 
localization approach incorporating with the deployment of 
three hydrophones, cross-correlation of multichannel acoustic 
data, and computation of hydrophone with vent site 
coordinates. The results show that the developed approach 
provides an accurate localization with a small error in both 
horizontal and vertical directions. This verifies that passive 
acoustic techniques can be an effective method for the 
localizing gas seeps on the seabed, and can be an effective tool 
of monitoring the integrity of marine carbon storage sites.  

The localization error can come from the sound speed 
variation in the seabed, the ambient noise from both the sea 
surface and the water column, the bathymetry, and the sea 
floor structure [36]-[41]. The passive acoustic localization is 
particularly effective for in situ monitoring in deep water, as 
the propagation time of sea surface reflection path can be 
much longer than the direct propagation time and can be easier 
removed. However, for a more accurate localization, an 
acoustic baseline is suggested to establish. 
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