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1. Introduction
Methane (CH4) is a powerful greenhouse gas and, over a 20-year period, the global-warming potential of 1 tonne 
of atmospheric CH4 is similar to ca. 85 tonnes of CO2 (Hartmann et al., 2013). Global CH4 emissions have in-
creased nearly 10% over the past two decades (Schiermeier, 2020) and its atmospheric concentration is now more 
than 2.5 times above pre-industrial levels, approaching 1.9 ppm. CH4 has a short lifetime in the atmosphere, ca. 
10 years (Prather et al., 2012), and hence a stabilization/reduction of emissions will lead in a few decades to a 
stabilization/reduction of its atmospheric concentration and therefore its radiative forcing (Saunois et al., 2020). 
The most important source of uncertainty in the global CH4 budget is attributable to natural emissions (Saunois 
et al., 2020), and particularly to geological seepage. Indeed, once considered a minor natural CH4 source glob-
ally, geological degassing is today recognized as a major contributor to atmospheric CH4 (Etiope et al., 2019). 
A challenging aspect on the quantification of present-day emissions is that seepage sites may be more wide-
spread and abundant than expected, especially in the marine environment (Thornton et al., 2020). It is estimated 
that 30–45  Tg of CH4 per year are released from marine seeps to the atmosphere (Etiope & Ciccioli,  2009; 

Abstract In the last decades, geological degassing in shallow marine environments has been recognized as 
a significant contributor to atmospheric methane, hence to the global-warming potential. Especially in shallow 
water environments, a proper assessment of the distribution, quantification and migration pathways of methane 
within the sediments is fundamental to help forecasting the amount that could leak and eventually reach the 
atmosphere. Traditionally, velocity anomalies from seismic data are the ones used to assess the occurrence of 
gas and its concentration. However, in shallow-waters (<30 m), the post-critical conditions make the near-
surface velocity estimation from P-wave reflections extremely challenging, requiring an integrated approach. 
Here, we propose an original joint analysis of seismic data and geophysical logs, together with information 
from drilling reports, with the aim of characterizing and quantifying the gas along two crossing multichannel 
seismic profiles in the Northern Adriatic Sea, a very shallow marine basin where methane occurrence within 
the sedimentary succession is widespread. We estimated the gas distribution from resistivity anomalies, which 
are correlated with the seismic response associated with the presence of gas through the signal frequency 
content. Our results show a different concentration pattern in the two seismic profiles, revealing that gas is both 
diffuse ad concentrated in local accumulations, in agreement with the gas-related features already identified 
on the seismic data. Gas concentration appears to be locally associated to the tectonic features identified in 
the area, indicating that faults act as preferential conduits for gas migration, locally reaching the seafloor and 
seeping in the water column.

Plain Language Summary Methane is a powerful greenhouse gas, with a global warming potential 
that is ca. 23 times that of carbon dioxide. The most important source of uncertainty in the global methane 
budget is attributable to natural emissions, and geological degassing is today recognized as a major contributor 
to atmospheric methane. In particular, when methane is released from shallow-water marine sediments, it might 
easily bypass the water column and reach the atmosphere. Thus, a proper assessment of gas distribution and 
its quantification within the sediments in such contexts play a crucial role. In this paper, we propose a joint 
analysis of multichannel reflection seismic data and borehole information in the Northern Adriatic Sea, a very 
shallow basin, where the presence of gas in the subsurface is widespread. Due to the fact that gas is able to 
influence the electrical properties of the rock formations, we were able to identify its imprint and provide its 
amount hosted in the sediments. Our method represents an ad hoc procedure to study methane emissions in 
every similar marine environment and can be upscaled to help improving the global methane budget estimates.
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Schwietzke et  al.,  2016), contributing to the atmospheric CH4-pool and acting as a powerful greenhouse gas 
(Mitnick et al., 2018). In very shallow waters (<30 m water depth), this aspect is particularly important since 
gas bubbles can quickly reach the atmosphere (Borges et al., 2016). A proper identification of CH4 occurrence in 
gas-bearing sediments and its quantification is therefore a crucial step to help forecasting the potential contribu-
tion of CH4 escape from the sedimentary succession in the water column and in the atmosphere. Seismic data is a 
powerful tool to identify fluid accumulation and migration in the subsurface, as evidenced by acoustic anomalies 
such as bright spots, blanking, chimneys, and pipes (Cartwright et al., 2007; Løseth et al., 2009), but it may also 
allow for a quantitative estimation of the gas saturation. Traditionally, velocity anomalies are used to estimate 
the amount of fluid and, in particular, gas in the sediment pore space. In shallow marine environments, however, 
the estimation of a reliable near-surface velocity distribution from P-waves may be tricky because of the strong 
interference with unwanted events, such as seabed multiples and guided-waves (Yilmaz, 2001). Reflections at the 
seafloor can occur at post-critical angles (Tinivella et al., 2017; Verschuur, 2006), preventing the recording of 
primary water-bottom reflections at the near-offset and further complicating the multiples attenuation. Recently, 
Giustiniani et al. (2020) show how the integration of different seismic wave types, such as P- and interface waves, 
can help in constraining shallow sediment characteristics in shallow water environments. However, a petrophys-
ical characterization of the gas-bearing sediments is required to validate the seismic data analysis and provide 
the physical properties for the gas estimation. The aim of this work is to provide a multidisciplinary approach by 
means of seismic and well-log data to determine the gas distribution and quantification within the sedimentary 
succession in the Northern Adriatic Sea (Figure 1), a very shallow marine basin, where both deep- and shal-
low-source CH4 are widespread distributed within the sedimentary succession, at the seafloor and in the water 
column (Donda et al., 2015, 2019; Gordini et al., 2012).

2. Gas Occurrence in the Northern Adriatic Sea
In the Northern Adriatic Sea, several gas fields were discovered and exploited during the 1970s. Fluid extraction 
has been then forbidden for environmental reasons, but the gas system is anyway considered mature (Cazzini 
et al., 2015). Microbial gases occur within Pliocene-to-Pleistocene turbiditic sands and they are commonly char-
acterized by multiple “pools” within thin sand beds at approximately 1,200–1,500 mbsf (Bertello et al., 2008; 
Casero, 2004; Casero & Bigi, 2013; Donda et al., 2015). Geophysical data acquired in the last few years clearly 
revealed the occurrence of both shallow and deep gas in the subsurface. Donda et al. (2013); Donda et al. (2015) 
identified several acoustic gas-related features, such as signal amplitude anomalies (wipe-out zones and bright 
spots), or evidence for gas-charged fluid migration pathways, for example, gas chimneys. These features are 
mainly found within the Plio-Quaternary sequence, although chimneys are also recognized in the Eocene-Mi-
ocene succession, vertically extending for up to 2,000  m. Gas is also present in shallow, laterally persistent 
peat layers, which are widely distributed throughout the Northern Adriatic Sea and formed between 16,000 and 
24,000 years BP in an alluvial plain environment (Correggiari et al., 1996; Donda et al., 2019; Gordini, 2009; 
Zecchin et al., 2011) during periods of relatively warmer climate in the last glacial phase (Donda et al., 2019; 
Zecchin et al., 2011). This gas is able to seep and produce 4–20 m-high gas flares and intermittent bubbling with-
in the water column. Seeps appear to be locally associated with distinct rock outcrops, irregularly distributed on 
the seafloor, represented by bio-concretionned carbonate rocks, interpreted as authigenic carbonates and locally 
named “Trezze” (Gordini et al., 2002, 2012; Donda et al., 2013, 2015, 2019).

3. Material and Methods
3.1. Geophysical Data

For this work, we processed two perpendicular multi-channel seismic profiles, the STENAP 08 and the GANDI 
09, acquired with the main aim to (a) constrain the relationship between the gas emissions and the regional ge-
ological setting of the area (Donda et al., 2013) and (b) characterize the gas-charged fluids occurring within the 
sedimentary succession (Donda et al., 2015, 2019). The acquisition parameters of the two related seismic cruises 
are reported in Table 1.

Our velocity estimation from the seismic data suffers from the shallow water conditions and it cannot be uniquely 
used to quantify the gas. However, drilling results show that resistivity logs anomalies correlate with the seismic 
response associated with the presence of gas and can be used to constrain the velocity information (Figure 2). 
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To this aim, we derived the main petrophysical properties, namely P-impedance and porosity, from the geophys-
ical log data of 5 hydrocarbon wells: Arlecchino 1, Arcobaleno 1, Triglia Mare 1, Rachele 1, and Amanda 1bis 
(Figure 1). We used sonic, resistivity, spontaneous potential, and gamma ray logs. We correlated available and 
calculated well-log curves with a family of seismic attributes to predict resistivity and porosity along the two 
seismic lines and, taking advantage of Archie's law, we estimated the spatial distribution and concentration of 
the gas along the two profiles. Figure 3 summarizes the entire procedure with a flow diagram, whose steps are 
explained below.

3.2. Seismic Data Processing

The seismic data are strongly affected by short and long period multiples and several issues arise from the very 
shallow water condition. Indeed, due to the shallow water column (25 m at maximum), the critical distance for re-

fractions is very small, ∼90 m. This means that, apart from the first 4–5 chan-
nels, refracted arrivals are present and interfere with reflections (post-critical 
condition). Wavelets are distinguishable only in the very near offsets and are 
distorted both in phase and in amplitude. Furthermore, the occurrence of 
Scholte waves, that is, surface waves propagating along the seafloor, is able 
to mask deeper reflections (Giustiniani et al., 2020). Therefore, an estimation 
of a reliable velocity distribution from P-wave is not trivial. As expected, 
semblance velocity analysis (Yilmaz, 2001) does not provide satisfying re-
sults for the STENAP 08 and the GANDI 09 seismic lines. For this reason, we 
incorporated available sonic-log data in the velocity estimation. We calculat-
ed the velocity field of the GANDI 09 using the log information for the shal-
lowest 1.6 s, laterally extrapolated along the seismic line, and we performed 
semblance analysis for the deepest part. Velocity field of the STENAP 08 is 
entirely built using sonic-log of Arcobaleno 1 well. These velocity fields are 
used in the processing flows. Note that no indications of gas-related anomaly 
are present in the velocity fields. We processed the seismic data by applying 
two different sequences: (a) for seismic imaging purpose and (b) to preserve 
the amplitude information. Details concerning the seismic data processing 
are available in the Text S1 in Supporting Information S1.

Figure 1. (a) Position map of the STENAP (black lines) and the GANDI (purple lines) multichannel seismic lines. The two analyzed profiles are highlighted in white. 
Yellow dots: wells used in this study, from west to east: Arlecchino 1, Arcobaleno 1, Tiglia Mare 1, Rachele 1, Amanda 1bis. In green: gas field (from ENI Fact Book 
Exploration and Production). Gas fields bordered in red are the ones crossed by the two analyzed seismic profiles. (b) Sketch of the regional structural setting, modified 
from Donda et al. (2015).

STENAP 08 GANDI 09

Source Sleeve gun GI-gun

Volume (cu.in.) 1,180 840

Pressure (psi) 2,000 2,000

Source depth (m) 5 ± 0.5 5 ± 0.5

SP interval (m) 12.5 25

Streamer length (m) 1,200 1,500

Streamer depth (m) 3 ± 0.5 3 ± 0.5

N of channels 96 120

Ch. interval (m) 12.5 12.5

Minimum offset (m) 25 50

Fold 48 24

Sample rate (ms) 1 1

Table 1 
Seismic Acquisition Parameters
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3.3. Well-Log Data Analysis

Sonic, gamma-ray, spontaneous-potential and resistivity logs, only available 
in raster format, were digitized, interpolated with a spline function, smoothed 
and resampled every 10 m to be consistent with the seismic frequency con-
tent. The borehole composite logs do not contain every geophysical log 
mentioned above. Fox example, the sonic log was recorded only in 3 of the 
5 analyzed wells. Moreover, none of the borehole lies exactly on the seis-
mic profiles. To verify possible correlations between the measured physical 
properties, we produced cross-plots of each pair of logs. This confirmed the 
presence of lithological units with similar petrophysical characteristics that 
can validate the extrapolation of the log data along the seismic profiles. Our 
analysis revealed that velocity and resistivity have a good cross-correlation 
in all the wells where the sonic log is available, namely Arcobaleno 1, Arlec-
chino 1, and Rachele 1 (see Figure 2). Apart from the shallowest formations, 
resistivity always appears to be increasing with velocity. In the Arcobaleno 1 
and Arlecchino 1 cross-plots, three correlated depth intervals can be distin-
guished: 0–300, 300–1,300, and 1,300–1,800 m. The shallowest interval is 
characterized by high resistivity, up to 9 Ω ⋅ m, quickly decreasing to values 

𝐴𝐴 𝐴 2 Ω ⋅ m with increasing velocity, most likely because of compaction. At 
depth >300 m, resistivity starts to increase with velocity and shows a shift 
at ∼1,300 m, reflecting a change in the petrophysical parameters of the sed-
iments. Rachele 1 well shows resistivities clustered around 1 Ω ⋅ m in the 
shallowest 900 m and an increasing behavior in deeper strata. Velocity-re-
sistivity cross-plots not only show a good correlation, but also suggest that 
resistivity is able to discern the geological formations. This can be explained 
by the different electrical properties of both the rock and the fluid saturating 
the pores. Therefore, even though velocity is the parameter traditionally used 
to assess gas presence, we decided to use resistivity to detect gas bearing 
zones. The gas content quantification requires an estimation of the sediments 
porosity, which can be in turn obtained from a P-impedance inversion proce-
dure. Unfortunately, neither P-impedance (IP) nor porosity profiles are avail-
able amongst the selected boreholes logs. We provided an estimation of these 
properties at well locations (pseudo-logs) through an integrated approach by 
using all the other log data and the qualitative or sparse information reported 
in the borehole reports. It should be noted that these are the only available 
measurements in the study area.

3.3.1. P-impedance Assessment

To estimate IP pseudo-logs, we carried out a lithostratigraphic interpretation 
of the sedimentary column analyzing the local trend of each log curve and 
their interrelations. Geological information reported in the well reports and 
headers guided our analysis and led us to distinguish five lithostratigraph-
ic facies: sandy/peaty clay, clay, sand, marlstone, and limestone. We built a 
rough preliminary density profile ρ0, increasing with depth, for each well. 
Values range between 1,700 𝐴𝐴

𝑘𝑘𝑘𝑘

𝑚𝑚3
 at ∼60 m to 3,200 𝐴𝐴

𝑘𝑘𝑘𝑘

𝑚𝑚3
 at ∼1,700 m. We then 

multiplied ρ0 by the available velocity logs to obtain preliminary IP0 curves 
for each well. We statistically extracted wavelets from the near offset stack 
sections in the vicinity of each well and we calculate reflectivity and synthet-
ic seismograms at well locations. Then, comparing real and synthetic traces, 
we iteratively adjust IP0. The lithostratigraphic interpretation is shown for 
Rachele 1, which is the most recent amongst the selected wells and the one 
containing the higher quality log curves (Figure 4). Figure 5a shows the final 

synthetic trace of Arcobaleno 1 well and its comparison with the real trace. Final IP profiles for Arcobaleno 1, 
Arlecchino 1, and Rachele 1 wells are shown in Figure 5b.

Figure 2. Velocity-resistivity cross-plots for (a) Arcobaleno 1, (b) Arlecchino 
1, and (c) Rachele 1 boreholes.
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3.3.2. Porosity Assessment

To estimate porosity at well locations, we used the Effective Medium Theory (EMT) with an homogeniza-
tion approach based on Eshelby's inclusion theory (Adelinet & Le Ravalec, 2015; Eshelby, 1957; Le Ravalec 
et al., 2014). This type of inversion estimates the microstructural parameter from the known seismic impedances 
minimizing a given cost function which quantifies the data mismatch in a least-squares sense. The process is re-
peated until the cost function is small enough. To better constrain the porosity estimation, we inverted separately 
each of the five facies recognized in the lithostratigraphic interpretation. We modeled every facies considering 
a solid matrix and a fully saturated porous part. We supposed a mineral composition for the solid matrix and we 
calculated the correspondent elastic moduli (bulk modulus Ks and shear modulus Gs) using the Hill's average of 
the Voigt and Reuss bounds equations (Schon, 2015):

𝐾𝐾𝑠𝑠 =
1

2
⋅

⎡⎢⎢⎣

𝑚𝑚∑
𝑖𝑖=1

𝑓𝑓𝑖𝑖𝐾𝐾𝑖𝑖 +

(
𝑚𝑚∑
𝑖𝑖=1

𝑓𝑓𝑖𝑖∕𝐾𝐾𝑖𝑖

)−1⎤
⎥⎥⎦

 (1)

𝐺𝐺𝑠𝑠 =
1

2
⋅

⎡
⎢⎢⎣

𝑚𝑚∑
𝑖𝑖=1

𝑓𝑓𝑖𝑖𝐺𝐺𝑖𝑖 +

(
𝑚𝑚∑
𝑖𝑖=1

𝑓𝑓𝑖𝑖∕𝐺𝐺𝑖𝑖

)−1⎤⎥⎥⎦
 (2)

Figure 3. Flow diagram summarizing the procedure used to quantify the gas within the sediments.
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where m is the number of mineral constituents and fi is the volumetric frac-
tion of the ith constituent having Ki and Gi in the solid phase.

We considered pores as isotropically distributed and ellipsoidal-shaped, with 
a constant aspect ratio for each facies (Bailly et al., 2019). Sand and lime-
stone (facies 3 and facies 5) have spherical pores (aspect ratio = 1); marlstone 
(facies 4) has quasi-spherical pores (aspect ratio = 0.5) and sandy/peaty clay 
and clay (facies 1 and facies 2) have ellipsoidal pores (aspect ratio = 0.1). For 
every facies and every well, we assigned a mixed-fluid (i.e., salt water and 
gas) composition, under the reasonable assumption of total pore space satu-
ration. We assumed a first-order mixture composition based on gas saturation 
values measured during drilling and reported in the well reports at sparse 
depths. In absence of direct information, we assumed that the gas is uniform-
ly distributed in the pore space. In this case, the effective bulk modulus of the 
mixture is given by the isostress (Reuss) average (Lee, 2004):

1

𝐾𝐾𝑓𝑓

=
𝑆𝑆𝑤𝑤

𝐾𝐾𝑠𝑠𝑤𝑤

+
𝑆𝑆𝑔𝑔

𝐾𝐾𝑔𝑔

 (3)

where Sw and Sg are the salt-water and gas partial saturations and Ksw and Kg 
are the respective bulk moduli. Table 3 shows the mineral composition and 
the elastic moduli assigned to the interpreted facies. Moduli are calculated 
with Equation 1 using mineral values reported in Table 2. “Common sand” 
values are revised by Vernik and Kachanov (2010). Table 4 reports the pore 
fluid bulk modulus Kf of the considered facies. Values are calculated with 
Equation 4 supposing Ksw = 2.3 GPa for salt water and 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶4

= 0.024 𝐺𝐺𝐺𝐺𝐺𝐺 
for CH4.

We iteratively inverted IP logs into porosity, treating each facies separately. We performed two different in-
versions: a first one, assuming a fully water-saturated medium and a second one, considering a mixed-fluid 
(Figure 5c).

Figure 4. Well-logs and lithostratigraphic interpretation of Rachele 1 
borehole.

Figure 5. (a) Comparison between synthetic and real trace at Arcobaleno 1 well location; (b) estimated IP pseudo-logs at wells locations; and (c) estimated porosity 
pseudo-logs at wells locations. Porosities of fully water-saturated sediments are reported in blue, porosities of mixed fluid-saturated sediments are reported in purple.
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It is important to underline that inclusion-based EMT models should be used 
to estimate high-frequency elastic moduli related to unrelaxed states (Ade-
linet et  al.,  2010). To compare these porosity results with seismic-derived 
data, it is necessary to transfer them from high to low frequency domain. Fur-
thermore, saturated media moduli depend on frequency and the dispersion 
of the P- and S-waves should be taken into account (Adelinet et al., 2011). 
However, we did not take into account low frequency effects and our model 
should be considered as a first approximation. Further data on micro-struc-
ture of involved materials could allow a more precise analysis, considering 
the transition between high and low frequency domain.

3.4. Seismic-Well Logs Correlation

We imaged the spatial distribution of petrophysical properties, namely 
P-wave velocity, resistivity and porosity, along the two analyzed seismic pro-
files using a seismic-log correlation method called multi-attribute analysis 
(Emerge-Hampton Russell, CGG Software). The aim of the method is to use 
the seismic data to predict the property of interest (a new geophysical log) 

at every CDP location of the seismic profile (Coren et al., 2001). This is done, at each time sample, solving a 
generalized linear regression between the parameter to be predicted and a wide family of seismic attributes. We 
collected 10 sample data traces around the well locations and find a relationship between the seismic at those 
locations and the measured logs. To find the best set of attributes which can optimally describe the target log, we 
used a step-wise regression (Hampson et al., 2000), which add one attribute per time and perform the optimiza-
tion using all the wells that constrain the seismic line. A mean squared prediction error was calculated with each 
attribute addition and stabilized below a threshold of ∼5%. Furthermore, we evaluated the correlation coefficient 
between the original and the modeled log. Then, we assumed that the derived relationship is valid for the entire 
seismic section and applied that relationship to the entire data set.

For each seismic section, we obtained P-wave velocity, resistivity and porosity distributions. We predicted resis-
tivity in two ways: including (Resistivity 1) or excluding (Resistivity 2) the frequency-related seismic attributes, 
a class of attributes that is likely to be affected by the gas presence. Furthermore, considering the uncertainties 
related to our estimated porosity profiles, we applied a further smoothing to the final 2D porosity distribution. 
Table 5 reports the prediction parameters for every target log of the STENAP 08 and the GANDI 09 seismic lines. 
P-wave velocity and porosity results are reported in the Text S2 in Supporting Information S1.

3.5. Gas Content Quantification

Electrical resistivity data can be extremely valuable for analyzing the subsoil gas behavior and its relation to 
surface emissions. This is valid for hydrocarbon exploration and reservoir monitoring (Jiang et al., 2021; Senger 
et al., 2021), for gas hydrates studies (Coren et al., 2001; Kannberg & Constable, 2020; Weitemeyer et al., 2011) 
but also for evaluating other types of gas emissions, as, for example, from landfills (Johansson et al., 2011). Nor-
mally, these gas assessment studies are based on well-logs or CSEM (marine controlled-source electromagnetic) 
data. Here, we estimated gas saturation using Archie's laws and resistivity theory (Archie, 1942; Glover, 2016). 
Following the theory, the ratio of the resistivity of a gas-bearing formation to the resistivity of the water-bearing 
formation is related to the water saturation in the formation when it contains both fluids, that is, gas and water. 
Therefore, assuming that the pores are fully saturated, the gas saturation Sg is estimated by the following formula:

𝑆𝑆𝑔𝑔 = 1 − 𝑆𝑆𝑤𝑤 = 1 −

(
𝑅𝑅𝑏𝑏𝑔𝑔

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡

) 1
𝑛𝑛

 (4)

where Rtot is the gas-bearing sediment resistivity, Rbg is the fully water-saturated (gas free) sediment resistivity, 
n is the saturation exponent and Sw is the fractional water saturation. The gas concentration Cg is the product of 
gas saturation and porosity:

𝐶𝐶𝑔𝑔 = 𝑆𝑆𝑔𝑔 ⋅ 𝜙𝜙 (5)

Mineral composition Ks (GPa) Gs (GPa)

Facies 1 (Sandy clay) 70% Clay1 20.06 10.55

30% Common sand

Facies 2 (Clay1) 40% Ilite 15.45 5.50

35% Smectite

25% Kaolinite

Facies 3 (Common sand) 100% Quartz 35.06 33

30% Common sand

Facies 4 (Marlstone) 60% Calcite 40.35 15.84

40% Clay1

Facies 5 (Limestone) 100% Calcite 75.50 40

Table 2 
Pore Fluid Bulk Modulus Kf of the Considered Facies
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An estimation of the saturation exponent n is needed to solve Equation 5. 
Generally, n is set on the basis of literature values. Here, to get a more con-
strained estimate of n, we exploited the same scattered measurements of gas 
saturation Sg from the wells as those used in the porosity estimation. The pro-
cedure used to estimate n for the STENAP 08 seismic line is the following:

1.  We extracted depth traces of the STENAP 08 Rbg(z) and Rtot(z) sections 
at Arlecchino 1 and Arcobaleno 1 locations.

2.  Knowing 𝐴𝐴 𝐴𝐴𝑧𝑧𝑖𝑖
 at sparse depth zi from the well reports and using Equa-

tion 4, we calculated the saturation exponent 𝐴𝐴 𝐴𝐴𝑧𝑧𝑖𝑖 , at each zi.
3.  From our previous IP estimation, we calculated density profiles ρ(z) at 

Arlecchino 1 and Arcobaleno 1 locations, in order to extract ρ(zi), that is, 
at the same sparse depth zi.

4.  We fit the cross-plot between ρ(zi) and n(zi) and find an empirical poly-
nomial relationship between ρ and n.

5.  We used such a relationship to calculate n along the whole STENAP 08 seismic line (Figure S3A in Support-
ing Information S1).

We applied the same procedure to the GANDI 09 seismic line, but we didn't find any satisfying empirical rela-
tionship between ρ and n. This is probably due to the fact that local measurements of Sg are available only for very 
shallow depths for Rachele 1 borehole, and are only partly representative of the gas distribution in the whole sed-
imentary succession. So, because of the lack of constraints, we decided to assign n values to the main geological 
units crossed by the seismic line. We extracted a profile of the STENAP 08 n section at the crossing point with 
the GANDI 09 seismic line. We smoothed this profile and calibrated n for the main lithological units, which have 
been interpreted in both seismic lines (Figure S3B in Supporting Information S1).

4. Results
For each seismic section, we obtained P-wave velocity, porosity and resistivity distributions. P-wave velocity 
values (Figure S1 in Supporting Information S1) show an overall common trend of increasing velocity with depth 
and, as well as the velocity fields estimated from semblance analysis and well-logs, they do not show significant 

anomalies. The porosity distributions also have the expected increasing trend 
with depth (Figure S2 in Supporting Information S1).

4.1. Resistivity Anomalies

Resistivity sections (Figures  6a, 6b, 6d and  6e) show strong anomalies in 
those areas where seismic data have a pronounced variation in frequency 
content. Being less conductive than salty water, gas is able to influence the 
resistivity of formations and to affect the frequency of the seismic data. We 
suggest that these anomalies are induced by the presence of gas. Therefore, 
we predicted resistivity in two ways: excluding or including all the frequen-
cy-related seismic attributes (Figure 6). In the first case, the estimated resis-
tivity section is thought to be a background resistivity. In the other case, the 
resistivity section is considered as total resistivity, being representative of the 
gas-induced anomalies over the background resistivity field.

The STENAP 08 total resistivity panel (Figure 6b) represents the resistivity 
pattern along the seismic line and it is characterized by strong positive anom-
alies coincident with the high frequency zones of the seismic line. These 
positive anomalies occur in the shallowest 0.4 s of the whole seismic profile 
and are distributed along vertical bands affecting, in particular, a large zone 
between CDPs 1 and CDP 2500. The vertical distribution pattern can be rec-
ognized also around CDP 3200, CDP 6400, and CDP 7500. Considering that 
the resistivity anomalies are as strong as the main reflectors resistivity, the 

Ks (GPa) Gs (GPa) Reference

Illite 27 17 Greenberg and Castagna (1992)

Smectite 9 1.5 Mondol et al. (2008)

Kaolinite 13 3 Mondol et al. (2008)

Quartz 36 44 Greenberg and Castagna (1992)

Feldspar 48 24 Wang (2001)

Calcite 75 31 Greenberg and Castagna (1992)

Table 3 
Bulk Modulus (Ks) and Shear Modulus (Gs) of Some Key Minerals

Arcobaleno 1 Arlecchino 1 Rachele 1

Facies 1 97% Sw 91% Sw 98% Sw

3% CH4 9% CH4 2% CH4

Kf = 0.6 GPa Kf = 0.24 GPa Kf = 0.79 GPa

Facies 2 96% Sw 90% Sw 97% Sw

4% CH4 10% CH4 3% CH4

Kf = 0.48 GPa Kf = 0.22 GPa Kf = 0.6 GPa

Facies 3 92% Sw 92% Sw 99% Sw

2% CH4 8% CH4 1% CH4

Kf = 0.79 GPa Kf = 0.27 GPa Kf = 1.18 GPa

Facies 4 99% Sw 99% Sw 99.5% Sw

1% CH4 1% CH4 0.5% CH4

Kf = 1.18 GPa Kf = 1.18 GPa Kf = 1.56 GPa

Facies 5 99.5% Sw 99.5% Sw 99.5% Sw

0.5% CH4 0.5% CH4 0.5% CH4

Kf = 1.56 GPa Kf = 1.56 GPa Kf = 1.56 GPa

Table 4 
Pore Fluid Bulk Modulus (Kf) of the Considered Facies
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seismostratigraphy of the line is not visible. Instead, the background resistivity (Figure 6a) correlates much better 
with the main reflectors and with the seismic amplitude distribution.

As for the STENAP 08 seismic line, the GANDI 09 total resistivity panel (Figure 6e) represents the effective 
resistivity distribution and the background resistivity (Figure 6d) represents the gas-free case. In this case, the 
total resistivity shows higher correlation with the stratigraphy, but scattered high values up to 10 Ω ⋅ m and more 
characterize the whole section. In some zones, as at CDP 2500 and between CDP 6500 and CDP 7500, a mainly 
vertical distribution of positive anomalies can be recognized. Furthermore, and unlike the STENAP 08 seismic 
line, the GANDI 09 seismic section does not show any significant difference in the frequency content. This is 
partly related to the widespread poor amplitude content of the GANDI 09 seismic line, which had to be corrected 
during the processing, but it is also likely due to a different gas distribution within the two seismic lines. As for 
the STENAP 08, the resistivity anomalies appear to be related to the frequency-derived seismic attributes, even 
if with a minor impact.

P-wave (m/s) Porosity Resistivity (Ω ⋅ m) Background resistivity (Ω ⋅ m)

STENAP 08 Number of attributes 24 28 28 24

Correlation 0.9691 0.8902 0.9321 0.8648

GANDI 09 Number of attributes 24 6 28 10

Correlation 0.8865 0.8789 0.9519 0.7097

Table 5 
Prediction Parameters for Well-Log Correlation

Figure 6. STENAP 08 (a) and GANDI 09 (d) background resistivity. STENAP 08 (b) and GANDI 09 (e) total resistivity STENAP 08 (c) and GANDI 09 (f) gas 
content. Arcobaleno 1, Arlecchino 1, and Rachele 1 well locations are shown. The black box indicates a zone of no coverage.
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4.2. Gas Content

Figures 6c and 6f show the estimated gas distribution from resistivity anomalies and highlight different concen-
tration patterns in the two seismic profiles. In particular, the GANDI 09 line has a more diffuse gas presence, 
while the STENAP 09 seismic line reveals zones of gas accumulation.

Along the STENAP 08 (Figure 6c), values up to 0.3% can be reached in the shallowest (<0.25 s TWTT) part in 
CDPs 1–2000 and CDPs 5000–6500. Gas content of 0.15%–0.3% characterizes the SE part of the seismic line, 
up to 1.2 s of depth; it appears mostly horizontally distributed, consistent with the seismostratigraphic setting. 
Gas is also present along sub-vertical paths affecting the whole sedimentary column, showing values up to 0.2%.

The GANDI 09 seismic line is affected by zones of poor or no seismic coverage and is, furthermore, very poorly 
balanced. In fact, the amplitude preserving stack section (Figure 9b) appears to be whitened except for a 1550 
CDP-wide zone, between CDP 6000 and CDP 7500, where amplitudes are higher and the stratigraphy is better 
imaged. Overall, the amplitude information of the GANDI seismic stack section does not allow a reliable cor-
relation with log curves. This is the reason why we used the migrated and gained version of the line for correla-
tion and gas content assessment. In doing so, we affected the absolute amplitude information, which should be 
preserved for a trustworthy gas quantification. Nevertheless, we obtained a picture of the distribution of the gas 
along the GANDI 09 seismic line. Figure 6f shows a diffuse gas concentration, with no consistent accumulation 
at specific depths or stratigraphic layers. Note that local increase in gas concentration, up to 0.2%, is present along 
vertical paths (i.e., around CDP 2200, 6500, 7250, and 8500) which can extend up to 1 s of depth.

5. Discussion
5.1. Gas Distribution Versus Gas Content

The two seismic lines reveal peculiar characteristics, which are discussed separately below.

The STENAP 08 (Figure 7) is characterized by a heterogeneous gas distribution. In the SE portion of the seis-
mic line, gas appears to be horizontally distributed following the seismostratigraphic setting. The sedimentary 
succession is constituted by fine turbidites (Malvic, 2016), which likely provide the pore space for accumulation 
in the coarser-grained sand beds. The highest concentration values, up to 0.3% of the total space, are distributed 
horizontally in the shallower levels (TWTT 𝐴𝐴 𝐴 0.25 s) between CDPs 0–2000 and CDPs 5000–6500. In the rest of 
the seismic line, several vertical paths are recognizable, possibly related to the main tectonic structures identified 
in the study area (Brancolini et al., 2019), implying that gas preferably migrates along such sub-vertical paths, as 
also suggested by Donda et al. (2013); Donda et al. (2015). A 700 CDP-wide, 2s-long window characterized by 
pull-downs is recognizable in the middle of the seismic line (Figure 7). The amplitude preserving version of the 
stack section (Figure 9a) shows how this area is dimmed in amplitude. This entire pull-down zone is characterized 
by a degradation in the stack response. We interpret it as a giant chimney, rooted below the Messinian Uncon-
formity and joining the sub-vertical faults in focusing the gas migration. Other smaller-scale pull-downs are pres-
ent along the seismic line and are often associated to areas of amplitude loss, which results in a poor coherence 
if the non-amplitude preserving processing is adopted. They can be interpreted as gas pipes (Cartwright & San-
tamarina, 2015; Heggland, 2005; Løseth et al., 2009; Maestrelli et al., 2017). Note that, in the Baltic Sea, acoustic 
turbidity is associated with less than 0.5% of gas concentration (García-García et al., 2007). Bright spots also 
occur at various depths in the STENAP 08 seismic line; the two most evident are highlighted in Figures 7 and 9a. 
However, we are not able to provide a good estimate of gas concentration at these high amplitude anomaly zones. 
This is probably because of their extremely local nature, which cannot be resolved by our analysis. Petrophysical 
properties are laterally extrapolated and such small and local anomalies cannot be properly resolved. Figure 9a 
also shows that the shallow reflectors located near the sea bottom, at CDPs 0–2000 and CDPs 5000–6500, have 
low amplitude. In fact, as already explained, due to post-critical conditions, the whole shallow part (<0.25 s) of 
the stack section is very poor in reflected energy. Furthermore, an apparent low-frequency effect induced by the 
applied deconvolution is unavoidable (deconvolution often fails in low amplitude zones). However, small lateral 
variations in amplitude in these shallow zones can be recognized, suggesting the presence of gas leakage areas 
just below and at the seabed. Figure 7 shows its highest gas concentration just below these shallow low-amplitude 
zones.
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In the GANDI 09 seismic line (Figure 8), gas is more scattered and is locally distributed along vertical paths, 
suggesting vertical migration. In some cases (e.g., at CDP 2500), faults seem to act as preferential conduits 
for gas migration. Figure 8a reports the main faults interpreted by Brancolini et al. (2019) as part of regional 
tectonic lineaments. However, sometimes gas appears to be dissociated from the faults and its presence causes 
seismic response degradation. Possibly, in these circumstances, gas is able to migrate up to the surface through 
local heterogeneities in the sedimentary succession, as commonly occurring in turbidite-dominated depositional 
environments. Because of lack of reflections, the shallowest tens of ms in the GANDI 09 seismic line show the 
same loss in amplitude found along some shallow parts of the STENAP 08. In the GANDI 09, however, these 
sediments do not show any change in amplitude response along the seismic line (Figure 9), suggesting a different 
shallow gas distribution between the two lines.

The two seismic profiles cross an area where the hydrocarbon industry identified several biogenic gas fields. In 
Figure 1, we report their location, according to the Fact Book Exploration and Production report ENI published 
in 2013 (http://report.eni.com/factbook-2013/it/i-settori/exploration-production/i-paesi-di-attivita/italia.html). 
The GANDI 09 crosses two of the identified gas fields: one in the very SW end of the seismic line and a second 
one around CDP 5000, in the vicinity of Triglia Mare 1 well. From our results, at the SW of the seismic line, in 
the vicinity of Arlecchino 1, gas is present along the whole sedimentary column. However, we want to underline 
one more time that, in treating this seismic line, we could not preserve the amplitude information, so that the 
absolute gas estimation could be compromised. At CDP 5000, the seismic data show response degradation and 
reveal a shallow pull-down effect. The STENAP 08 also crosses two gas fields, at CDP 4700 and CDP 7500. In 
these zones, gas concentration is higher with respect to the surrounding area and distributed along deeply rooted 
vertical paths. Here, the seismic data show gas-related pull down effects, which we interpreted as gas chimneys.

Not much information has been made publicly available on the gas fields exploited in the study area (Figure 1), 
but both Arcobaleno 1 and Arlecchino 1 wells, on the NW end of the STENAP 08 seismic line, were drilled to 
investigate the Plio-Pleistocene sandy series. These sands were found to contain only water and both wells were 

Figure 7. (a) STENAP 08 time migrated stack section. Main faults are drawn and gas-related features are highlighted. The Messinian Unconformity is represented by 
the yellow horizon, whereas the top of Carbonate Succession is the orange seismic reflector. (b) STENAP 08 gas concentration superimposed to the true-amplitude 
stack section. Well locations are shown.

http://report.eni.com/factbook-2013/it/i-settori/exploration-production/i-paesi-di-attivita/italia.html
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classified as sterile (Relazione al comitato tecnico per gli idrocarburi, permesso A.R54.MI). Further to the north, 
NE of Triglia Mare 1 well, Pleistocene turbidites revealed to be a good reservoir for gas and have been exploited. 
Moreover, a strong gas-related bright spot was found in the Pleistocene sequence at Triglia Mare 1 well (Relazi-
one tecnica allegata all'istanza di rinuncia del permesso A.R54.MI).

5.2. Comparison With Ground Truth Data

The only available ground truth data to test our results are sparse measurements of total-gas content in Arcobale-
no 1 and Arlecchino 1 wells and a total-gas log in Rachele 1 well. In the case of Arcobaleno 1 and Arlecchino 1, 
these are punctual values scattered along the whole wells depth. They are just noted, often by hand, on the side 
of the other log curves and there is no information about how these values were obtained. Because of the lack of 
details about the actual gas measurement, we had to do several assumptions. For simplicity, and considering that 
the vertical resolution of these logs is around 50 cm, we supposed that that the gas concentration was measured 
in 1 m-thick sediment layer. To make a comparison with our results, we needed to spread this amount of gas over 
a thickness equal to the vertical seismic resolution of the seismic sections, which is changing with depth. In this 
regard, we divided both wells in three depth intervals: 0–600, 600–1,200, and 1,200–1,600 m, which correspond 
to the main trend changes in the sonic logs. The two deepest intervals also coincide with the ones reported in 
the velocity-resistivity cross-plots in Figure 2. For each interval, we observed the dominant seismic frequency 
f. Then, we calculated the theoretical vertical seismic resolution, which is defined as 𝐴𝐴

𝑣𝑣

4𝑓𝑓
 , where v is the average 

seismic velocity at that depth interval, from the sonic log. We found a vertical resolution of 10, 35, and 46 m for 
each interval of Arcobaleno 1 and of 10, 38, and 50 m for each interval of Arlecchino 1. Finally, we spread the 1 
m-gas measurements over the vertical resolution-derived sediment thickness and, using the sonic logs, we con-
verted their depth in TWTT. In this way, these direct measurements were made comparable with our gas content 
results, which we obtained analyzing totally independent data. Both the original gas values (Gas) and the spread 
values (Gassp) are reported in Table 6, in depth and in TWTT, for Arcobaleno 1 and Arlecchino 1 wells. We can 
observe that, Gassp is of the same order of magnitude as our gas content results, which are mainly below 0.3%. 

Figure 8. (a) GANDI 09 time migrated stack section. Red arrows indicate CDPs of poor coverage. The black box indicates a zone of no coverage. Main faults are 
drawn and gas related features are highlighted. The Messinian Unconformity is represented by the yellow horizon, whereas the top of Carbonate Succession is the 
orange seismic reflector. (b) GANDI gas concentration superimposed to the true-amplitude stack section. Well locations are shown.
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These low values are coherent with the fact that none of these wells has ever been under production, and they 
are, instead, considered sterile. Obviously, we cannot expect a perfect correlation between the two sets of values. 
This has several reasons, amongst others the fact that the wells do not exactly lie on the STENAP 08 seismic line. 
Furthermore, we know that, at least within the Plio-Pleistocene formations, the gas is hosted in some meters-thick 
“pool” or “lenses” whose shape we totally ignore and that can cause significant 3D effects which cannot be re-
solved by 2D data. Indeed, out-of-plane events are present in several shot gathers of both seismic lines, possibly 
testifying for 3D structures.

In the case of Rachele 1 well, an almost continuous total-gas log is present, spanning from ∼250 to ∼1,100 m. 
This is not the same depth interval where the sonic log was measured, so that both the conversion in TWTT and 
the estimation of the vertical seismic resolution cannot be accurately made. However, extrapolating the velocity 
values at depths where they are missing, we could provide an approximated conversion in TWTT of the gas log. 
In the seismic data, we observed a unique dominant frequency of 45 Hz at all TWTT and we calculated a vertical 
resolution of 11 m. However, a proper comparison with our results is prevented by the fact that the true-amplitude 
version of the seismic data didn't allow a satisfying correlation with the log data. Rachele 1 is almost 10 km away 
from the GANDI 09 seismic line and, as we already explained, its projection on the line falls in the vicinity of 
a zone of very poor seismic signal coverage. The total-gas log in depth, its conversion in TWTT and the values 
spread on 11 m-sediment thickness are plotted in Figure 10.

Figure 9. (a) STENAP 08, (b) GANDI 09 amplitude preserving stack section. Zones of anomalous amplitude are 
highlighted. Translucent box indicates an area of no coverage. Well locations are shown.
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In summary, our gas-content results are consistent with the few direct meas-
urements available in the area. Our estimation also agrees with the coring 
results obtained by García-García et al. (2007) offshore the Po Delta. Of the 
20 sites analyzed, 5 sites yielded anomalous gas concentrations, with more 
than 90 ppm (equal to 0.009%) of CH4 and, amongst these, three sites yield-
ed 4 ⋅104 ppm (equal to 4%; García-García et  al.,  2007). Further south of 
the study area, the Barbara Nord 007 well is gas-charged and is part of the 
well-known ENI Barbara gas field. This field includes tens of wells under 
production and the well-logs from Barbara Nord 007 are the only ones made 
available by ENI (https://www.videpi.com/videpi/videpi.asp). Here, gas was 
found in levels of ∼2–30 m thickness. The maximum registered value of to-
tal-gas was 1.2% in a ∼30 m-thick sand layer, which is equivalent to ∼0.04% 
for a 1 m-thick layer.

5.3. Environmental Forcing in the Gas Distribution

The gas distribution appears to be strongly correlated with the seismostratig-
raphy and tectonic setting of the study area. In both seismic lines, the major 
faults act as preferential paths for gas migration. However, gas conduits could 
also originate from other mechanisms, such as hydrofracturing. Overpressure 
conditions may have originated during Pleistocene times, when sedimenta-
tion rates were high (Amadori et al., 2018), as a consequence of rapid bur-
ial. Opening of conduits would have occurred during abrupt changes in the 
vertical stress field due to big sea level fluctuations. This is the case of the 
Messinian salinity crisis, which has been recognized as a triggering mech-
anism of fluid expulsion by several authors (Bertoni & Cartwright,  2015; 
Dale et al., 2021; Iadanza et al., 2015). In the Northern Adriatic Sea, ∼800 m 
of the Messinian sea-level drop was estimated by several authors (Amadori 

et al., 2018; Ghielmi et al., 2013; Mancin et al., 2016), suggesting a relevant change in the vertical stress field 
during this widespread event. Therefore, we suggest that paleobathymetric variations could have had a role in the 

Arcobaleno 1 Arlecchino 1

Depth 
(m)

TWTT 
(ms)

Gas 
(%)

Gassp 
(%)

Depth 
(m)

TWTT 
(ms)

Gas 
(%)

Gassp 
(%)

245 266 1.5 0.15 485 485 6 0.58

325 373 2 0.2 720 663 7 0.18

460 484 4.5 0.45 850 763 7 0.18

470 491 2.5 0.25 900 822 7 0.18

490 500 4.5 0.45 1,030 851 12 0.32

520 530 4.5 0.45 1,100 932 9 0.24

605 666 2.8 0.08 1,220 935 10 0.26

765 686 3.2 0.09 1,280 1,105 9 0.18

870 834 3.5 0.1

910 872 2.8 0.08

930 794 2.5 0.07

1,090 953 2.5 0.07

1,150 933 3.2 0.09

1,260 1,042 4 0.09

1,350 1,147 2 0.04

1,445 1,123 1 0.02

1,490 1,063 0.8 0.02

Table 6 
Sparse Total-Gas Measurements From the Well-Logs Reports

Figure 10. Total-gas measurements for Rachele 1 well. (a) Values in depth; (b) values in TWTT (after conversion); and (c) 
values in TWTT, spread over 10 m-thick sediments.

https://www.videpi.com/videpi/videpi.asp
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opening of gas migration conduits, which possibly formed along fault zones. Moreover, the deepest gas chimneys 
are rooted in the Carbonate Succession, suggesting a further deep gas source. The gas migrates along the identi-
fied faults throughout the Plio-Pleistocene sedimentary sequence, up to the uppermost stratigraphic levels, where 
it possibly mixes with the shallow gas identified in the high resolution geophysical data (Donda et al., 2019).

6. Conclusions
Our results demonstrate that, despite a proper P-wave velocity field is not available from seismic data analysis, 
the joint use of seismic and well data can be used to assess gas saturation by using the estimated resistivity anom-
alies. This has a potential yet very practical outcome: in very shallow environments, where the water column 
is limited and water masses well mixed, the potential transfer of methane-predominant gas from sediment into 
the atmosphere could be significant and introduces a non-negligible doubt on the global budget of atmospheric 
methane (Sultan, 2020, and references therein). It has been recently proven that even a moderate sea-level rise (<1 
m) may significantly impact gas emissions at deep-water depths and partially counterbalance future temperature 
effects on the global marine gas systems (Sultan, 2020, and references therein). In fact, while the emissions from 
seeps should be considered as natural sources in the global CH4 budget, further warming of surface waters could 
increase CH4 emissions and provide a positive feedback on warming climate (Borges et al., 2016). This feedback 
will be expected to be acute in shallow gassy areas such as those in the Northern Adriatic Sea, where the increase 
of temperature will stimulate the biogenic CH4 production, as well as promote gas leakage from sediments. A 
proper, comprehensive assessment of the distribution, quantification and migration pathways of methane-pre-
dominant gas is thus fundamental to help forecasting the amount of methane that could leak from the sedimentary 
successions in shallow marine environments and eventually reach the atmosphere.

Data Availability Statement
Data are stored in the repository “Seismic data Network Access Point (SNAP)” (https://snap.ogs.trieste.it/cache/
index.jsp). Well-log charts and technical reports from the oil and gas exploration have been made available by the 
“Visibility of petroleum exploration data in Italy (ViDEPI)” project.
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