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• A better understanding of the relation-
ship between geological settings and 
GHGs emitted from soils

• Elaboration with statistical and geo-
statistical methods to separate different 
CO2 flux populations

• Estimation of total GHGs efflux output 
in a coastal plain

• Comparison of normalized fluxes with 
volcanic and non-volcanic areas
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A B S T R A C T

The work aims to estimate natural greenhouse gas emissions from soils in the Sibari Coastal Plain (Southern 
Italy), to understand (i) the contribution in terms of the total amount of CO2 and CH4 emitted in non-volcanic 
areas, (ii) the relationship among emitted gas, land use, organic matter and tectonic structures, and (iii) their 
potential environmental implications. Data were elaborated with statistical and geostatistical methods to sepa-
rate the different populations and obtain prediction and probability maps. Methane fluxes had values consis-
tently below the detection limit (0.032 g • m− 2 • d− 1) except for three measurement points randomly distributed 
along the plain. Statistical and geostatistical methods allowed to discriminate three main CO2 flux populations: 
(i) high-flux population (Pop. B - mean value of 63.65 g • m− 2 • d− 1), located near the mouth of the Crati River 
and related to the massive presence of buried organic matter in the form of peat; (ii) medium-flux population 
(Pop. A2 - mean value of 8.37 g • m− 2 • d− 1) which is the result of soil respiration, and (iii) low-flux population 
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(Pop. A1 - mean value of 1.85 g • m− 2 • d− 1) due to areas where low permeability or increases in saturated 
aquifer thickness may control the overall flux.

In the study area, a total CO2 emission of about 2671 t • d− 1 was calculated, which, if compared to the average 
total flux expected for simple soil respiration (1284 t • d− 1), represents a non-negligible value in the total Carbon 
balance. Finally, the comparison with representative normalized fluxes from volcanic and non-volcanic areas 
confirms the critical role of coastal plains in total atmospheric CO2 emissions. The proposed approach can be 
applied to areas with comparable or different geological and climatic settings to trace their contribution in terms 
of greenhouse gas release to the atmosphere.

1. Introduction

In the past decades, one of the main goals of the scientific community 
was to discriminate different sources of greenhouse gas (GHG) emissions 
(e.g., CO2, CH4, NOX, and N2O), quantify their individual contributions 
and identify increasingly efficient approaches to reduce their total 
emission outputs. The concentration of CO2 in the atmosphere increased 
in the last three centuries. In 1750, which is usually considered repre-
sentative of pre-industrial levels, the concentration in the atmosphere 
was about 278 ppm (Neftel et al., 1985), whereas a value of about 423 
ppm is currently reported (GML – National Oceanic and Atmospheric 
Administration, 2024). One of the main issues related to atmospheric 
CO2 is its prolonged residence time (according to estimates, extra 
anthropogenic emissions may require up to 100,000 years to be removed 
by natural processes) and its capacity to affect the climate via radiative 
forcing (e.g., Ma et al., 2021; Montzka, 2023). In addition, CO2 increases 
in natural systems (e.g., hydrosphere) enhance water-rock interaction 
processes promoting the release of constituents (e.g., Fe, Zn, Cr and Sn), 
which could be harmful to human health (Apollaro et al., 2007a, 2007b, 
2019, 2023; Kokh et al., 2017). The concentration of CH4 in the atmo-
sphere has also increased in the last three centuries, and its impacts on 
solar radiative forcing have also been characterized (Byrom and Shine, 
2022). Anthropogenic emissions such as combustion processes and 
livestock are deemed responsible for multi-year upward trends in at-
mospheric methane (Skeie et al., 2023). CH4 in the atmosphere reached 
1866.58 ± 0.60 ppb in 2019 (Lan et al., 2024), and 1911.9 ppb in 2022 
(Blunden et al., 2023). These gases are the result of both anthropogenic 
activities and natural processes. CO2 and CH4 are frequently subject to 
continuous atmospheric measurements to discriminate anthropogenic 
emissions from natural outputs (Rella et al., 2015; Dickinson et al., 
2017).

In the natural domain, there are two main categories of sources: 
biological (e.g., metabolic activities of organisms and taphonomic pro-
cesses of decaying organic matter) and abiotic (e.g., volcanic and/or 
hydrothermal activities and metamorphic processes involving carbon-
ates species) which in turn can be the cause of diffused or punctual GHGs 
emissions. Classical diffusion mechanisms include soil emissions asso-
ciated to both biological and abiotic activities. The biological one is 
mainly related to soil respiration (Rs), an essential component of Earth’s 
ecosystem functioning and a fundamental process in the exchange of 
CO2 between land and the atmosphere (He et al., 2024). The amount of 
GHGs emitted from soils can be extremely variable, and the study of the 
spatial distribution of these emissions allows us to trace the amount of 
gas emitted per specific surface area, identifying possible correlations 
with local structures, lithologies and other factors. For instance, this 
approach was used in the past for different purposes: oil research (Etiope 
et al., 2009), monitoring of active tectonic structures (Barnes et al., 
1978; Irwin and Barnes, 1980; Yuce et al., 2017; Liu et al., 2023), 
investigation of buried fault systems (Guerra and Lombardi, 2001; 
Baubron et al., 2002; Fu et al., 2005; Lombardi and Voltattorni, 2010), 
studies of volcanic and geothermal areas (Corazza et al., 1993; Chiodini 
et al., 1998; Phuong et al., 2012; Carapezza et al., 2015; Cardellini et al., 
2017; Randazzo et al., 2022; Taussi et al., 2021, 2023; Tardani et al., 
2024), and even in the assessment of landfill emissions (Battaglini et al., 
2013; Li et al., 2020). All these works focused on the most common 

GHGs emitted from soils: CO2, and/or CH4. One of the most popular 
methods to measure soil gas fluxes is the accumulation chamber, an 
instrument that allows the measurement of soil fluxes of different 
gaseous species, presenting several advantages over other methods 
(Tonani and Miele, 1991; Chiodini et al., 1998; Tregoures et al., 1999). 
Although the chamber method is mainly applied in studying of volcanic 
or geothermal areas (Project PRIN, 2022 - PNRR), and agricultural soils, 
it is also helpful in investigating CO2 and CH4 fluxes emitted from the 
soil in non-volcanic regions such as coastal plains. Coastal plains have 
generally been underestimated in their contribution to GHGs emissions. 
However, geological complexities such as a considerable amount of 
buried organic matter (e.g., peats) often promote anomalous and diffuse 
emissions of GHGs that cannot be overlooked in the total Carbon bal-
ance. Peat results from decomposition of organic substances, vegetable 
in origin, in conditions that match anoxic specifications (e.g., Harriss 
et al., 1985; Lyons and Alpern, 1989). Peatlands are a subcategory of 
wetlands that release CH4 and CO2 naturally (e.g., Aselmann and Crut-
zen, 1990; Martikainen et al., 1994). The methane production rates 
show several degrees of variability, depending on factors such as the 
depth of peat and water tables, and the type of soil and vegetation 
involved (Frenzel and Karofeld, 2000; Whalen and Reeburgh, 2000). 
Temperature has also been confirmed to affect methane emissions 
(Waddington and Day, 2007).

In Coastal Plains, geogenic CO2 can have different origins, related to 
mantle degassing, carbonate metamorphism, carbonate dissolution, or 
organic matter oxidation (Irwin and Barnes, 1980; Baubron et al., 2002; 
Italiano et al., 2009; Caracausi et al., 2015). The Calabria region has 
≈800 km of coastline along which wide coastal plains develop, such as 
the plains of Lamezia Terme (Sant’Eufemia plain) (Vespasiano et al., 
2016; Vespasiano et al., 2023a), Crotone (Cannata et al., 2016; Ves-
pasiano et al., 2021), Gioia Tauro (Cianflone et al., 2021, 2022; Ves-
pasiano et al., 2023b), Reggio Calabria (Vespasiano et al., 2018), and 
Sibari (Cianflone et al., 2018; Vespasiano et al., 2015a, 2015b, 2019, 
2023c). These plains are characterized by lithological and structural 
frameworks that may promote the formation of anomalous fluxes due to 
shallow and deep processes.

To investigate this aspect, this work aims to assess for the first time 
the contribution, in terms of GHGs emissions, of the Sibari Coastal Plain 
(Calabria – South Italy). These findings are aimed to integrate current 
knowledge on global GHGs budgets and balances (e.g., Keeling, 1958; 
Pales and Keeling, 1965; Saunois et al., 2016, 2017, 2020), as well as 
continuous atmospheric measurements performed at local Mediterra-
nean WMO/GAW (World Meteorological Organization – Global Atmo-
sphere Watch) observation sites (e.g., Cristofanelli et al., 2017). This site 
was selected for its lithological, stratigraphic, and structural settings. In 
detail, the main scope includes: (i) identifying anomalous fluxes in terms 
of CO2 and CH4 along a selected portion of the Sibari Plain; (ii) corre-
lating fluxes to the lithological and structural evidence of the area; (iii) 
quantifying source-specific fluxes and compare them with fluxes 
recognized in geothermal volcanic and non-volcanic areas. This study, 
and others following the protocol here discussed, can contribute to a 
better understanding of the amount and distribution of natural CO2 and 
CH4 emissions, and their contribution to the increasing GHGs concen-
trations in the atmosphere, considering that approximately 10 % of the 
atmosphere’s carbon passes through soils each year (Raich and 
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Tufekciogul, 2000).

2. Geological and hydrogeological setting

The Sibari Coastal Plain (SCP) is located in the northeastern area of 
the Calabrian-Peloritan Orogen (CPO - Cirrincione et al., 2015), between 
the Sila Massif and the Pollino Chain (Van Dijk et al., 2000), in the last 
portion of the Crati Valley (Fig. 1a, b), which represents the most 
extended Calabrian plain (470 km2). In the 1930s, the SCP was 
reclaimed and made cultivable (mainly in rice paddies and orange 
groves). This led to a diffused agricultural activity which, along with 
tourism, represents the main local economic resource.

From a geological point of view, in the northern part of the SCP, the 
carbonatic-dolomitic bedrock (Pollino chain) is progressively covered 
by the Torrente Straface unit (Pliocene), the Pleistocene sandy marine 
deposits, and the Holocene successions (Apollaro et al., 2020; Ves-
pasiano et al., 2015c and reference therein). Here, the Satanasso and 
Saraceno rivers represent the current primary sediment sources, gener-
ating important alluvial fans. In the central part of the plain, a thick 
evaporitic succession (which overlays the basement) is covered by 
Pliocene and Quaternary sediments. The sedimentary succession and the 
morphological setting are the result of processes such as the migration of 
Crati’s delta (7 km over the last 6 ka; Cianflone et al., 2013), the Mes-
sinian salinity crisis (Cipriani et al., 2021, 2023, 2024; Perri et al., 2023, 
2024), and the subsidence of the area (Cianflone et al., 2018). Finally, in 
the southern part, the crystalline basement (Sila Massif) is covered by 

Miocenic conglomerates and sandstones, followed upward by Pliocenic 
clays and Pleistocenic conglomerates and sandstone. The main sources 
of sediment in this area (that belong to the Corigliano basin) are the 
Crati and Trionto rivers (ViDEPI; Cianflone et al., 2018; Vespasiano 
et al., 2019).

Several tectonic alignments border the SCP. The main regional fault 
system is represented by the “Sangineto Line” (Fig. 1b), a WSW-ENE 
high-angle faults system which, together with its trans-tensional kine-
matics, marks the contact between the Apennines and Calabria terranes 
and affects the geodynamics of the area during the Quaternary (Tansi 
et al., 2007). The “Corigliano-Rossano fault” (WNW-ESE), instead, 
shows strike-slip (left–lateral) kinematics and separates the plain from 
the Sila massif (Lanzafame and Tortorici, 1981). The internal tectonic 
elements are mainly represented by two main NE-SW faults, the Crati 
and Timparelle Faults (Fig. 1), also reported in the National Catalogue of 
Capable Faults (Comerci et al., 2013). These systems have no surface 
evidence due to recent sedimentary cover. In the past years, several 
authors (Cinti et al., 2015, 2024) have reported evidence of another NE- 
SW extensional fault, the so-called “Sibari Fault Zone” (SFZ). The au-
thors studied the relations between records of human settlements in the 
Sibari Plain (the old Sibarys, which dates to the ancient Greek coloni-
zation of Calabria), earthquakes, and faults. They found some co-seismic 
evidence (such as shifted or rotated walls) which allowed the identifi-
cation of the last fault activity during the II and IX centuries A.D. and 
thus deem the NE-SW faults active and capable of generating earth-
quakes (Comerci et al., 2013; Cianflone et al., 2018).

Fig. 1. (a) Simplified large-scale geological map of the Sibari Plain area. The polygonal-shaped area corresponds to the studied area. The red-coloured units 
correspond to the Sila crystalline terrains, while the blue-coloured, in the northernmost portion, correspond to carbonates and dolomites of the Pollino massif. (b) 
Regional map showing the main massifs (Sila and Pollino) which characterize the northern portion of Calabria region with location of the studied area. S.L. cor-
responds to “Sangineto Line”. (c) Land use map of the Sibari Coastal Plain (Corine Land Cover, 2019).
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In the SCP area, an important subsidence process was recently 
recognized. As reported by Cianflone et al. (2015), the process is related 
to different causes, such as the lithostatic weight of Quaternary suc-
cessions, intensive groundwater pumping, massive presence of build-
ings, and anthropic activities. The presence of faults results in different 
rates of subsidence in the area that create the accommodation space for 
the accumulation of sediment and organic matter (e.g., peat) (Cianflone 
et al., 2018).

From a hydrogeological point of view, two main aquifers have been 
identified in the Sibari Plain (Vespasiano et al., 2019): a shallow phre-
atic aquifer (20/30 m b.g.l.) and a deep confined aquifer (50/60 m b.g. 
l.), separated by a clayey-silty layer. The deep artesian aquifer shows, in 
proximity to the Crati mouth, high salinity (up to 4500 μS/cm) with Cl 
concentrations sporadically exceeding 2000 ppm (Vespasiano et al., 
2019). Several authors relate these anomalies to the high residence time 
of water (Tazioli, 1986) or to mixing processes with seawater and/or 
upwelling of brackish waters via faults (Guerricchio et al., 1976; 
Polemio and Luise, 2007; Vespasiano et al., 2015a; Vespasiano et al., 
2019).

The land use of the area is currently mainly devoted to agricultural 
crops consisting of fruit trees (primarily peaches and citrus) and rice 
fields interrupted occasionally by urbanized and industrialized areas 
(Fig. 1c; Corine Land Cover, 2019). In terms of permeability, the 
innermost portions, where Pliocene clays outcrop, show the lowest 
values (Cianflone et al., 2018), whereas the coastal sectors characterized 
by alluvial fans and coarse Pleistocene and Holocene deposits, show 
higher permeabilities.

3. Methods

The gas flux in the soil was measured with an accumulation chamber 
(Chiodini et al., 1998; Pavelka et al., 2018). This device was proposed in 
1927 by Henrik Ludengåd to study the evolution of carbon dioxide in the 
soil and its relationship with crop growth. There are two main classes of 
accumulation chambers: static stationary and static non-stationary 
(SNPA, 2018). Chambers of the first type are placed and left in the soil 
until the analyte concentration reaches a stationary level. The non- 
stationary static chambers are placed on the ground and left in mea-
surement only for the time span necessary to detect the concentration 
gradient over time of each analyte. This parameter allows the mea-
surement of the emission flux of a given gas species (Chiodini et al., 
1998).

The system used in this work, manufactured by Thearen Ltd., uses a 
non-stationary static accumulation chamber. The gas mixture in the 
chamber is sent, via a small diaphragm pump, to analyzers that deter-
mine the concentration of CO2, H2O, and CH4 and then re-injected into 
the chamber. The accumulation chamber is equipped with a vent to 
ensure that the pressure inside the chamber is in equilibrium with the 
atmosphere.

Carbon dioxide and water vapour are analysed by an NDIR tech-
nology (Non-Dispersive Infrared Adsorption - Dinh et al., 2016) analyzer 
based on Lambert-Beer law; the analyzer, model LI-850 by LICOR, uses a 
black body as the IR source and a 50 mm long absorption cell.

The analysis of methane is entrusted to a TDLA analyzer (Tunable 
Diode Laser Infrared Adsorption) which is still based on Lambert-Beer 

Fig. 2. Distribution of the CO2 flux measurement points in the study area with the related values (g • m− 2 • d− 1). The three yellow points represent the only samples 
with a CH4 flux value above the detection limit.
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law but uses a multi-pass cell with a length equivalent to a few meters as 
the absorption cell and a tunable laser diode as the IR source.

The instrument has the following detection limits: 0.18 to 44,000 g •
m− 2 • d− 1 (0.004–1000 mol • m− 2• d− 1) for CO2; 0.032 to 16,000 g •
m− 2 • d− 1 (0.002–1000 mol • m− 2 • d− 1) for CH4.

To obtain a representative dataset of CO2 and CH4 soil emissions, 459 
flux measurements were conducted along the study area (197 km2) with 
a sample grid of about 500 m (Fig. 2). Field activities were conducted 
between July and September 2023, in a period characterized by low 
rainfall and relatively constant temperatures/pressures. All surveys 
were conducted during the day. For each point, the following parame-
ters have been defined: (i) coordinates; (ii) time of measure (UTC); (iii) 
atmospheric pressure and temperature; (iv) soil flux of CO2, CH4. For 
each sampling day, a few measurement points from the previous day 
were repeated to assess any discordance in terms of flux and atmo-
spheric pressure.

Acquired measurements were initially cleaned by removing all 
negative values. Subsequently, they were processed using statistical and 
geostatistical techniques to provide a better understanding of soil GHGs 
emissions. The dataset included values (n. 7) below the limit of detection 
(LOD). These were excluded for the subsequent processing. The 
Graphical Statistical Approach (GSA) partitioning method proposed by 
Sinclair (1974) was applied to identify overlapping populations in the 
dataset. Inflexion points on cumulative probability plots can discrimi-
nate the distributions due to two or more populations, considering that, 
in cumulative probability plots, the values of a single normally or 
lognormally distributed population should be aligned. In contrast, the 
overlapping of two or more populations will appear as a curved line with 
one or more inflexion points representing population thresholds 
(Sinclair, 1974; Panno et al., 2006). Once the thresholds are identified, 
populations can be separated. Subsequently, the natural background 
levels (NBLs) were estimated. Generally, NBLs are defined as a percen-
tile of the dataset distribution, between the 90th and 97.7th percentiles, 
according to available data quality (Müller et al., 2006). In this study, by 
using the software ProUCL v. 5.1 (Singh and Maichle, 2015), the NBLs of 
CO2 fluxes were set at the 95th percentile. Finally, the total amount of 
CO2 emitted from the Sibari coastal plain and the normalized specific 
flux (total emission / extent of the study area expressed in km2) for each 
population were estimated. Specific fluxes were compared with those 
estimated in areas characterized by different geological contexts. The 
estimation of the total amount of CO2 has been carried out by applying 
the Sichel’s t-estimator (David, 1977). The estimated CO2 emission rate 
was obtained by multiplying the area of the measured site, the average 
CO2 flux value, and the proportion of each population recognized by the 
GSA (Elío et al., 2016). The uncertainty of each population’s CO2 output 
was calculated using the central 95 % confidence intervals.

3.1. Geostatistical analysis

The interpolated maps of the soil CO2 flux distributions were created 
through sequential Gaussian simulations (sGs) using the geostatistical 
tools provided by the ESRI ArcGIS® 10.8.2 software. The sGs algorithm 
was introduced by Deutsch and Journel (1992) and applied in a high 
number of studies (e.g., Cardellini et al., 2003; Fridriksson et al., 2006; 
Jácome-Paz et al., 2019; Jentsch et al., 2020). This methodology permits 
to avoid the smoothing of extreme values while preserving spatial var-
iations. A total of 100 realizations were performed for the sGs based on a 
simple kriging model, which was previously implemented.

There are some similarities between simple kriging and linear 
regression methods. From a mathematical point of view, simple kriging 
(often referred to as “BLUE”: Best Linear Unbiased Estimate) use the 
following formula (Li et al., 2009): 

Z*
SK(S0) = m+

∑n

i=1
λi⋅(Z(Si) − m ) (1) 

In the case of SK, the target variable Z*
SK(S0) was estimated at each 

unsampled location (S0). This method relies on an assigned weight (λi)

which is independent of data values. It is also based on the mean (m) of 
the measured values Z(s), a variable that must be known to use SK. 
Simple kriging is usually used when evaluated phenomena do not 
exhibit a trend (because of stationary assumption), but in some cases, 
simple kriging may be used under a local stationarity assumption. 
Another characteristic of simple kriging is that it minimizes squared 
error estimation (Ma and Zhang, 2019). As Cardellini et al. (2003) re-
ported, SK is an optimal solution to estimate the mean and variance for 
the sGs method.

The sGs procedure requires a Gaussian distribution of data. There-
fore, all data were log-normal transformed to correct data distribution 
before the generation of omnidirectional variograms (Table 1S). The 
variogram model is used to calculate the lambda weights in the BLUE 
estimator. A log-normal transformation has been used, and its effec-
tiveness was evaluated by comparing the statistical distributions before 
and after the transformation and through probability-plots (Fig. 1S). 
Skewness values were additionally included to measure the symmetry of 
statistical distribution, which is critical to improve the semi-variogram 
calculation and use the kriging variance to effectively quantify estima-
tion uncertainty (Chiles and Delfiner, 2012). After estimating the spatial 
distribution of log-normal CO2 concentrations, the inverted log-normal 
function was applied to obtain maps with the original unit. Finally, 
besides the mean values map obtained (cell of 50 m • 50 m) from the 100 
realizations, the probability map of exceeding the local NBLs was also 
realized.

4. Results and discussion

4.1. CO2 emission and geostatistical elaboration

The CO2 flux values (Table 2S) span over a wide range, between 1.07 
g • m− 2 • d− 1 and 275 g • m− 2 • d− 1.

Statistical approaches were applied to discriminate different CO2 
flux populations. Once the pre-selection criteria were chosen (see Section 
3), the dataset appeared non-normally distributed. Multiple populations 
were highlighted by using the cumulative probability plot shown in 
Fig. 3a. By applying the partitioning method of Sinclair (1974), three 
sample populations, namely A1 (n. 56), A2 (n. 338) and B (n. 50), were 
identified (Fig. 3 and Table 3S). The thresholds, identified based on 
graphical evidence, were set at 2.41 g • m− 2 • d− 1 and 22.04 g • m− 2 •

d− 1, respectively for A1-A2 and A2-B limits (Fig. 3). The goodness of the 
choice of thresholds lies in the parametric distribution (log-normal) 
found for the three identified populations (Fig. 3b).

Pop. A1 shows the lowest CO2 fluxes with a mean value of 1.85 g •
m− 2 • d− 1 (min of 1.07 g • m− 2 • d− 1, max of 2.41 g • m− 2 • d− 1 and 
median of 1.84 g • m− 2 • d− 1), Pop A2 intermediate fluxes has a mean 
value of 8.37 g • m− 2 • d− 1 (min of 2.58 g • m− 2 • d− 1, max of 22.04 g •
m− 2 • d− 1 and median of 7.37 g • m− 2 • d− 1) whereas, Pop. B shows the 
highest CO2 fluxes with a mean value of 63.65 g • m− 2 • d− 1 (min of 
23.2 g • m− 2 • d− 1, max of 194 g • m− 2 • d− 1 and median of 49 g • m− 2 •

d− 1).
To evaluate the spatial distribution of the CO2 emissions, an inter-

polated map was reconstructed (Fig. 4, mean flux values), highlighting 
the maximum CO2 flux along a W-E oriented area extending from the 
mouth of the Crati river to about 5 km towards the inland sectors. On the 
other hand, as expected, minimum values occur in proximity of the 
boundaries of the study area, where Pliocene clays are closer to the 
surface and act as an impermeable layer reducing the overall flux. 
Anomalous values (higher than those due to soil respiration) are also 
found along NE-SW oriented lines in the southern sector of the study 
area, in proximity to the hypothesized main fault systems.

A comparison between flux (Fig. 4) and land use (Fig. 1c) maps does 
not reveal a specific correlation. The SCP shows an almost homogeneous 
agricultural activity focused mainly on citrus fruits and rice.

Pop. A2 is the most representative (338) and could represent the 
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typical range of local vegetation value. It is distributed over all the 
extent of the study area with minimum values in the proximity of the 
inland portions, especially where clay units approximate the surface and 
where, in the northern sector, due to rice cultivation, saturated soil 
could limit the overall CO2 flux. In contrast, maximum values are found 
along the southern sector of the plain along NE-SW oriented alignments 
coinciding with the strike and intersection of the main faults.

Pop. A1 is less numerous (56) and can represent a sub-group of the 
local background. The differences between Pop A1 and Pop A2 can be 
attributed to different local conditions such as vegetation, land use, and/ 
or respiration processes. Low values could be related to sparsely vege-
tated areas or localized reduced soil permeability with the possible 
presence of compact clay as reported by Cianflone et al. (2018).

Pop. B yields the highest flux (mean of 63.65 g • m− 2 • d− 1). As 
highlighted in Fig. 4, the high fluxes follow an E-W direction extending 
from the mouth of the Crati river up to about 5 km towards the inland 
sectors. The high flux values of Pop. B only partially overlap the main 
structures characterizing the mouth of the Crati River (Crati and Tim-
parelle faults, and the Sibari Fault Zone) thus preventing a direct cor-
relation. Evidence of the role of faults is found in deep wells (2 onshore 
exploration wells, Ogliastrello 001 dir. and Thurio 001 wells - VIDEPI 

“Visibility of Petroleum Exploration data in Italy”) where gas occur-
rences are reported along the stratigraphic column between 700 and 
800 m b.g.l. These gases could find preferential pathways in the fault 
systems.

To explain the anomalous values, our hypothesis considers different 
sedimentary successions characterizing the area, particularly the pres-
ence of significant peat levels (up to 3 m thick) found in some wells 
(Cherubini et al., 2000, ViDEPI, Cianflone et al., 2018). In fact, there is a 
spatial correlation between Pop. B and the location of wells character-
ized by peat levels (Fig. 4), which organic matter, during the diagenetic 
process, can produce CO2, e.g. by the reaction: 

C6H12O6→3CH4 +3CO2 (2) 

The presence of organic matter in the area immediately north of the 
“Parco del Cavallo” archaeological site (ancient Sybaris) can be attrib-
uted to ancient lagoonal-depressed areas, that accommodated large 
amounts of sediment.

The only exception, regarding high flux, is the portions in the 
proximity of crati_1, crati_2 and log_A wells (Fig. 4) located in the Sibari 
Lakes area. In this portion, low fluxes are probably due to a decrease in 
the gas transport pattern referable to water saturation in the soil pores 

Fig. 3. (a) Graph obtained with the Sinclair method, where three datasets are visible, i.e., “Pop. A1”, Pop. A2” and “Pop. B". (b) Log-transformed histogram of Pop. 
A1, A2 and B.
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(Pérez-Zárate et al., 2024).

4.2. Natural background levels and total CO2 emissions

The natural background level of CO2 flux was calculated for popu-
lation A2 (mean value of 8.37 g • m− 2 • d− 1) assumed to be represen-
tative of the natural/biological background of the study area. The 95th 
percentile value of 17.76 g • m− 2 • d− 1 was identified (Table 3S). These 
values are comparable with those reported in literature for typical soil 
respiration (Cardellini et al., 2003; Shaufler et al., 2010; Correia et al., 
2012; Oertel et al., 2016). Harvey et al. (2014) provide comparable 
average values of biological fluxes for geothermal areas (15.9 g • m− 2 •

d− 1) and from the Soil Respiration Database (SRDB) values of 8.2 g •
m− 2 • d− 1 for Mediterranean climate areas and 13 g • m− 2 • d− 1 in 
tropical areas. The natural background values are also consistent with 
those reported by Raich and Schlesinger (1992) for Mediterranean brush 
and croplands (7.2 and 5.5 g • m− 2 • d− 1, respectively). This suggests 
that population A2 represents the background level, and confirms that 
population B is unrelated to soil respiration.

The contribution of CO2 release from each population discretized by 
the GSA (Fig. 3) was: i) 45 t⋅d− 1 (43–48 t⋅d− 1) from A1, ii) 1239 t⋅d− 1 

(1151–1352 t⋅d− 1) from A2, and 1387 t⋅d− 1 (1199–1672 t⋅d− 1) from B. 
Thus, the total computed CO2 emission from the soil of the study area 
(197 km2) was 2671 t ⋅ d− 1 (with the 95 % confidence interval of 
2393–3071 t⋅d− 1).

Besides the map of mean values obtained through sequential 
Gaussian simulations, a probability map exceeding the 17.76 g • m− 2 •

d− 1 threshold of population A2, was also produced (Fig. 5). Even if it is 
not possible to separate different CO2 sources, the map clearly shows the 
presence of localized linear patterns of CO2 fluxes likely controlled by 
the concurrence of thick peat levels (also metric) and tectonic structures 
suggesting that the rise of CO2 is driven by normal faults that play the 
role of a preferential circulation pathway for fluids. The geochemical 
study by Vespasiano et al. (2019) shows how the tectonic structure in 
this area could allow the circulation of brackish-chloride water from the 
deep portions of the plain. This additional evidence confirms the pres-
ence and role of the fault system previously hypothesized by several 
authors (Guerricchio et al., 1976; Polemio and Luise, 2007; Vespasiano 

Fig. 4. CO2 mean flux distribution computed from sGs estimations (100 realizations; cell of 50 m • 50 m). In the map are reported measurement points, main fault 
systems and wells (white circles) that showed, during digging processes, the presence of peat levels.

C. Apollaro et al.                                                                                                                                                                                                                                



Science of the Total Environment 964 (2025) 178611

8

et al., 2015a; Vespasiano et al., 2019).

4.3. Comparison between volcanic and non-volcanic CO2 emissions

GHGs naturally emitted by different soils are widely studied. In 
particular, the main topic in historical studies is related to volcanic and 
geothermal emissions, though in recent times natural emissions from 
different biomes have also been investigated (Cardellini et al., 2003; 
Camarda et al., 2016; Liu et al., 2023). This allows a comparison be-
tween different geological frameworks. In this work, a comparison be-
tween volcanic and non-volcanic areas of the Mediterranean area was 
made to evaluate different specific fluxes that depend on tectonic 
structures, peat levels, hydrogeological patterns, land use, type of crops, 
fertilization, and other factors. In terms of overall fluxes, the specific 
emission recognized along the study area is relatively low (14.36 g • m− 2 

• d− 1) if compared with non-volcanic areas that nevertheless are 
representative of values not negligible for the overall carbon balance 
like specific areas of Sicily (Madonie System: 60 g • m− 2 • d− 1; Peloritani 
System: 42 g • m− 2 • d− 1; Nebrodi System: 121 g • m− 2 • d− 1; Hyblean 
System: 78 g • m− 2 • d− 1; Camarda et al., 2016). If only Pop. B is 
considered, the specific mean flux value increases to 63.65 g • m− 2 •

d− 1. This value is, as expected, lower than the fluxes emitted from the 
main volcanic regions Bagni di San Filippo, Mount Amiata (Bollore: 880 

g • m− 2 • d− 1; Chiodini et al., 2020), Pozzuoli Solfatara (1300 g • m− 2 •

d− 1; Cardellini et al., 2003) or Vulcano cone (1720 g • m− 2 • d− 1; 
Inguaggiato et al., 2022), but on the same order of magnitude of fluxes 
measured in other volcanic or non-volcanic geothermal areas (e.g., 
Nisyros Caldera with 39.7 g • m− 2 • d− 1; Cardellini et al., 2003; Vesuvio 
cone with 20 g • m− 2 • d− 1; Cardellini et al., 2003) (Fig. 6). This 
investigation on the SCP makes these CO2 anomalous fluxes worthy of 
attention as they are linked to a significant increase of organic matter, a 
common condition in areas with a similar sedimentary context.

In addition, the normalized total CO2 output (t ⋅ d− 1 ⋅ km− 2) were 
compared with areas for which a normalized flux value was provided. 
Values normalized for the study area (197 km2) make it possible to 
compare areas with different extents. As reported by several authors, 
this value can be calculated by dividing the total CO2 output for the 
surface of every site (Werner and Cardellini, 2006; Taussi et al., 2023; 
Tardani et al., 2024). Considering the value of 2671 t ⋅ d− 1 as the total 
CO2 output of the Sibari Coastal Plain (given by the sum of the geogenic 
CO2 flux and the soil background respiration), the normalized total CO2 
output was then estimated (13.6 t ⋅ d− 1 ⋅ km− 2) and compared (Table 1) 
with literature values for different geographic and geological contexts 
(Cardellini et al., 2003; Werner et al., 2004; Pecoraino et al., 2005; 
Fridriksson et al., 2006; Chiodini et al., 2007; Dereinda, 2008; Werner 
et al., 2008; Jácome-Paz et al., 2019; Chiodini et al., 2020; Sbrana et al., 

Fig. 5. Probability map of CO2 flux created through the sequential Gaussian simulations and simple kriging as interpolation method. The map shows the probability 
that the measured value is greater than a threshold value, specifically 17.76 g • m− 2 • d− 1.
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2020; Taussi et al., 2023). As shown by Table 1, the value characterizing 
the Sibari plain is low, but comparable with data obtained in other 
critical geological contexts (also volcanic) e.g., Lagoni - Sasso Pisano, 
32.75 t ⋅ d− 1 ⋅ km− 2 (Tuscany – Italy); Vesuvio cone and Ischia, 21.47 
and 28.17 t ⋅ d− 1 ⋅ km− 2, respectively (Campania – Italy); Agua Caliente, 
16 t ⋅ d− 1 ⋅ km− 2 (Mexico) and Karapiti, Wairakei 17.71 t ⋅ d− 1 ⋅ km− 2 

(New Zealand).

4.4. CH4 emissions

Out of 459 total measurements, there are only three recorded values 
of CH4 above the instrumental detection limit of 0.032 g • m− 2 • d− 1. 
These do not appear to be directly related to areas of high CO2 flux. 
Stratigraphic data indicates that peat strata are common in the Sibari 
Plain and may be considered candidates for local methane emissions. 
Stratigraphic heterogeneity is reported in the plain, which may affect 
biochemical processes involved in methane production and release. In 
terms of natural consumption, methane can be oxidized by methano-
trophic microorganisms using oxygen or alternative terminal electron 
acceptors. In aerobic conditions methane can be utilized by bacteria 
belonging to the phyla Proteobacteria and Verrucomicrobia, while in 
anaerobic conditions methane oxidation is mediated by anaerobic 
methanotrophs belonging to both bacteria and archaea domains 
(Guerrero-Cruz et al., 2021). In aerobiosis, the O2 (surface conditions) 
reacts with CH4 and release both CO2 and H2O (CH4 + 2O2 → CO2 +

2H2O) (Serrano-Silva et al., 2014).
Methanotrophic bacteria proliferating on the interface between 

reducing and oxidizing conditions can consume up to 80 % of the total 
CH4 output (Conrad, 2009). Vespasiano et al. (2019), studying the 
aquifers of the Sibari Plain, reported a variable interface between 
reducing and oxidizing conditions, which may favors the development 
of methanotrophic bacteria involved in the consumption of the released 
CH4. Furthermore, Pliocene clay levels could be a permeability 
threshold to gas ascension. These assumptions can help explain the 
absence of surface CH4 on the Sibari Plain.

It is worth noting that all points were located far from settlements, so 
the possibility of natural gas supply network leaks can be excluded. 

Additionally, the fact that most measurements did not yield CH4 fluxes is 
deemed significant, as it excludes a characteristic geological framework 
such as the Sibari Coastal Plain as a possible emitter of methane in 
Calabria. Considering the uncertainties related – on a global scale – to 
the total emission output of methane, narrowing down its possible 
natural emission sources constitutes a step forward towards a better 
understanding of the global methane budget.

5. Conclusion and potential implications

The Sibari Coastal Plain is one of the most interesting areas in 
Calabria (Southern Italy) for studying non-volcanic soil emissions due to 
its geological, stratigraphic, and structural framework. The aim of this 
work was focused on the measurement of natural gas emissions from 
soils to assess (i) anomalous fluxes in terms of CO2 and CH4 along a 
selected portion of the Sibari Plain, (ii) the relationship between emitted 
gases, organic matter, tectonic structures, and (iii) the potential envi-
ronmental implications. Carbon dioxide flux values, distributed along 
the SCP, fall in a wide range between 1.07 g • m− 2 • d− 1 and 275 g • m− 2 

• d− 1, with the highest values recognized in proximity to the mouth of 
the Crati River and the lowest ones along the inner sectors, where 
Pliocene clays are closer to the surface. On the other hand, CH4 yields 
values mainly below the detection limit of 0.032 g • m− 2 • d− 1. The 
absence of CH4 emission can be related to taphonomic processes of 
organic-rich sediments and peat or possible consumption by methano-
trophic organisms. Moreover, clay levels separating the shallow aquifer 
from the deeper one could be a permeability threshold to gas uprising.

Statistical and geostatistical approaches allowed the discrimination 
of three main CO2 flux populations: Pop. A1 representative of the lowest 
CO2 fluxes (mean value of 1.85 g • m− 2 • d− 1), Pop. A2 with interme-
diate flux (mean value of 8.37 g • m− 2 • d− 1), and Pop. B showing the 
highest CO2 flux (mean value of 63.65 g • m− 2 • d− 1).

Pop. A2 (NBL 17.76 g • m− 2 • d− 1) can be attributed to normal soil 
respiration. Pop. B, on the other hand, falls entirely along the inner 
sector of the mouth of the Crati River, showing a good correlation with 
deep peat levels recognized in previous works. The concomitant pres-
ence of faults, even overlapped, and thick peat levels (even metric) 

Fig. 6. Comparison between volcanic CO2 emissions (in orange) and non-volcanic CO2 emissions (in green), from different areas (on the top of the columns are the 
average specific fluxes). The values are expressed in g • m− 2 • d− 1. In detail: 1 - Nisyros Caldera from Cardellini et al. (2003); 2 - Pozzuoli solfatara from Cardellini 
et al. (2003); 3 - Vesuvio cone from Cardellini et al. (2003); 4 - Bagni di San Filippo (Bollore) from Chiodini et al. (2020); 5 – Poggio dell’Olivo from Cardellini et al. 
(2003); 6 - Madonie System (M1) from Camarda et al. (2016); 7 - Peloritani System (NP1) from Camarda et al. (2016); 8 - Nebrodi System (N2) from Camarda et al. 
(2016); 9 - Hyblean System (H5) from Camarda et al. (2016); 10 – Vulcano cone from Inguaggiato et al. (2022); 11 – Palizzi area (Vulcano) from Inguaggiato et al. 
(2022); 12 – Levante Bay area (Vulcano) from Inguaggiato et al. (2022); 13 - Sibari Plain (Pop. A2) from this work; 14 - Sibari Plain (Pop. B) from this work 
(in yellow).

C. Apollaro et al.                                                                                                                                                                                                                                



Science of the Total Environment 964 (2025) 178611

10

favors the development of flows that deviate considerably from local 
background values, allowing to confirm the presence of tectonic struc-
tures initially hypothesized by several authors along the inner sectors of 
the mouth of the Crati River.

Considering the extent of the Sibari Plain (197 km2), a total CO2 flow 
of about 2671 t • d− 1 was calculated, which, if compared to the total 
flow expected for the simple soil respiration (i.e., from populations A1 
and A2: 1284 t • d− 1), represents a non-negligible value in the total 
balance. Furthermore, a comparison between specific fluxes and 
normalized output measured by previous authors in volcanic and non- 
volcanic areas was performed. In terms of overall fluxes, specific flux 
is relatively low (14.36 g • m− 2 • d− 1) compared to non-volcanic and 
volcanic regions. Nevertheless, if only Pop. B is considered, the specific 
flux increases up to 63.65 g • m− 2 • d− 1, a value comparable to (or 
higher than) fluxes measured in other volcanic, non-volcanic or 
geothermal areas. Finally, the estimated Total Normalized CO2 output 
(13.6 t • d− 1 • km− 2) is similar to the data obtained in other critical 
geological contexts, including those of volcanic origin. The results imply 
that the contribution of coastal plains in terms of atmospheric CO2 
emissions needs to be considered. Carbon dioxide soil emissions in the 
investigated area appear to be mainly related to (i) accumulations of 
organic matter (as reported in similar geological contexts), and (ii) a 
complex tectonic framework. Both these contributions can lead to 
anomalous CO2 emissions in coastal plains.

This work represents one of the first attempts aimed at the 

understanding of the role played by coastal plains in terms of GHGs 
emissions. The proposed method may be used in similar contexts to 
implement the knowledge of these kinds of environments and quantify 
the soil CO2 contribution in terms of total emission outputs. Finally, this 
study may also be considered the starting point for future research ac-
counting for extra information on both CO2 and CH4, such as carbon 
isotope values and fractionation processes, since the sources of either 
compound have characteristic isotopic fingerprints which can be of 
paramount importance in the effort of evaluating their origin.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178611.
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Site Locality Norm. TOT Output (t ⋅ 
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Sibari Plain Calabria, 
Italy

13.6 This Work

Mt. Amiata

Tuscany, Italy

59.0 Sbrana et al., 2020
Sasso Pisano 211.3 Taussi et al., 2023
Sasso 

Monterotondo 74.6 Taussi et al., 2023

Monterotondo 268.8 Taussi et al., 2023
Lagoni - Sasso 

Pisano
32.8 Taussi et al., 2023

Micciano NW area 344.8 Taussi et al., 2023
Micciano SE area 144.4 Taussi et al., 2023
Libbiano 699.2 Taussi et al., 2023
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Cardellini et al., 
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2020

Latera Latium, Italy 160.3 Chiodini et al., 
2007

Solfatara of 
Pozzuoli

Campania, 
Italy
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Cardellini et al., 
2003
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Cardellini et al., 
2003

Ischia 28.2 Pecoraino et al., 
2005

Nisyros caldera Greece 42.0
Cardellini et al., 
2003

Krafla
Iceland

41.8 Dereinda, 2008

Reykjanes 60.4
Fridriksson et al., 
2006

La Escalera
Mexico

63.0 Jácome-Paz et al., 
2019

Agua Caliente 16.0 Jácome-Paz et al., 
2019

Yellowstone 
caldera

USA
2562

Werner et al., 
2008

Horseshoe Lake 962.3
Cardellini et al., 
2003

Karapiti, Wairakei New Zealand 17.7 Werner et al., 
2004
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Jácome-Paz, M.P., Pérez-Zárate, D., Prol-Ledesma, R.M., Rodríguez-Díaz, A.A., Estrada- 
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Covey, K., Frankenberg, C., Gedney, N., Höglund-Isaksson, L., Ishizawa, M., Ito, A., 
Joos, F., Kim, H.-S., Kleinen, T., Krummel, P., Lamarque, J.-F., Langenfelds, R., 
Locatelli, R., Machida, T., Maksyutov, S., Melton, J.R., Morino, I., Naik, V., 
O’Doherty, S., Parmentier, F.-J.W., Patra, P.K., Peng, C., Peng, S., Peters, G.P., 
Pison, I., Prinn, R., Ramonet, M., Riley, W.J., Saito, M., Santini, M., Schroeder, R., 
Simpson, I.J., Spahni, R., Takizawa, A., Thornton, B.F., Tian, H., Tohjima, Y., 
Viovy, N., Voulgarakis, A., Weiss, R., Wilton, D.J., Wiltshire, A., Worthy, D., 
Wunch, D., Xu, X., Yoshida, Y., Zhang, B., Zhang, Z., Zhu, Q., 2017. Variability and 
quasi-decadal changes in the methane budget over the period 2000–2012. Atmos. 
Chem. Phys. 17, 11135–11161. https://doi.org/10.5194/acp-17-11135-2017.

Saunois, M., Stavert, A.R., Poulter, B., Bousquet, P., Canadell, J.G., Jackson, R.B., 
Raymond, P.A., Dlugokencky, E.J., Houweling, S., Patra, P.K., Ciais, P., Arora, V.K., 
Bastviken, D., Bergamaschi, P., Blake, D.R., Brailsford, G., Bruhwiler, L., Carlson, K. 
M., Carrol, M., Castaldi, S., Chandra, N., Crevoisier, C., Crill, P.M., Covey, K., 
Curry, C.L., Etiope, G., Frankenberg, C., Gedney, N., Hegglin, M.I., Höglund- 
Isaksson, L., Hugelius, G., Ishizawa, M., Ito, A., Janssens-Maenhout, G., Jensen, K.M., 
Joos, F., Kleinen, T., Krummel, P.B., Langenfelds, R.L., Laruelle, G.G., Liu, L., 
Machida, T., Maksyutov, S., McDonald, K.C., McNorton, J., Miller, P.A., Melton, J.R., 
Morino, I., Müller, J., Murguia-Flores, F., Naik, V., Niwa, Y., Noce, S., O’Doherty, S., 
Parker, R.J., Peng, C., Peng, S., Peters, G.P., Prigent, C., Prinn, R., Ramonet, M., 
Regnier, P., Riley, W.J., Rosentreter, J.A., Segers, A., Simpson, I.J., Shi, H., Smith, S. 
J., Steele, L.P., Thornton, B.F., Tian, H., Tohjima, Y., Tubiello, F.N., Tsuruta, A., 
Viovy, N., Voulgarakis, A., Weber, T.S., van Weele, M., van der Werf, G.R., Weiss, R. 
F., Worthy, D., Wunch, D., Yin, Y., Yoshida, Y., Zhang, W., Zhang, Z., Zhao, Y., 
Zheng, B., Zhu, Q., Zhu, Q., Zhuang, Q., 2020. The global methane budget 
2000–2017. Earth Syst. Sci. Data 12, 1561–1623. https://doi.org/10.5194/essd-12- 
1561-2020.

Sbrana, A., Marianelli, P., Belgiorno, M., Sbrana, M., Ciani, V., 2020. Natural CO2 
degassing in the mount Amiata volcanic–geothermal area. J. Volcanol. Geotherm. 
Res. 397, 106852. https://doi.org/10.1016/j.jvolgeores.2020.106852.

Serrano-Silva, N., Sarria-Guzman, Y., Dendooven, L., Luna-Guido, M., 2014. 
Methanogenesis and Methanotrophy in soil: a review. Pedosphere 24, 291–307. 
https://doi.org/10.1016/S1002-0160(14)60016-3.

Shaufler, G., Kizler, B., Schindlbacher, A., Skiba, U., Sutton, M.A., Zechmeister- 
Boltenstern, S., 2010. Greenhouse gas emission from European soil under different 
land use: effect of soil mosture and temperature. Eur. J. Soil Sci. 61, 683–696. 
https://doi.org/10.1111/j.1365-2389.2010.01277.x.

Sinclair, A.J., 1974. Selection of threshold values in geochemical data using probability 
graphs. J. Geochem. Explor. 3 (2), 129–149. https://doi.org/10.1016/0375-6742 
(74)90030-2.

Singh, A., Maichle, R., 2015. ProUCL Version 5.1 user guide. U.S. Environmental 
Protection Agency, Washington, DC. EPA/600/R-07/041. https://www.epa.gov/site 
s/production/files/2016-05/documents/proucl_5.1_user-guide.pdf. 

Skeie, R.B., Hodnebrog, Ø., Myhre, G., 2023. Trends in atmospheric methane 
concentrations since 1990 were driven and modified by anthropogenic emissions. 
Commun. Earth Environ. 4, 317. https://doi.org/10.1038/s43247-023-00969-1.

SNPA Gruppo di lavoro 9 bis, ISPRA, ARPA. Linee guida SNPA n.15/2018. Progettazione 
del monitoraggio di vapori nei siti contaminati - Appendice B - misure di flusso (flux 
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