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A B S T R A C T

Seismically active areas have long been recognised as hotspots of geogenic degassing. The present study 
investigated the Osmaniye Fault which belongs to the East Anatolian Fault Zone (EAFZ). Although EAFZ has been 
recently (February 2023) hit by the destructive Kahramanmaraş earthquake, the studied segment was not 
involved and is still accumulating stress. Three areas along this structure were selected with gas samples 
collected and analysed for their chemical and isotope compositions. Extensive CO2-flux measurements were 
performed together with some soil gas Rn measurements in two of the areas. The three areas were characterised 
by very different degassing behaviour both in term of chemical and isotope composition and in term of CO2 
output.

In the first (area A), signs of anomalous degassing are visible with several thousands of m2 showing stunted or 
absent vegetation, strong alteration of the soils and extensive surface deposits of sulfur and sulfates efflores
cences. The CO2-flux measurements yielded a wide range of values (1.3-57,200 g m− 2 day− 1). Soil Rn activity 
was generally very low (0.1-1.7 kBq m− 3). Soil gas chemistry indicates a mixing between atmospheric air and a 
CO2-rich deep geogenic end-member (δ13C ~ 0‰). Helium isotope composition indicates a high mantle 
contribution (R/RA ~ 6).

Area B, on the contrary, shows very low soil flux values (0.4-57 g m− 2 day− 1), almost all compatible with 
organic activity in the soil, low Rn activity (0.3-5.6 kBq m− 3) and strongly negative δ13C–CO2 values (<-21.7‰).

In area C, geogenic degassing can be recognised only as gas bubbling in a hyperalkaline (pH ~ 12) spring. The 
gases comprise predominantly CH4 of likely abiotic origin. The absence of deep-derived CO2 suggests con
sumption either by carbonate precipitation or through reactions with H2 produced during serpentinization 
processes occurring in the ultramafic rocks of the area. Deep origin of at least part of the gases is supported by the 
substantial contribution of mantle He (R/RA ~ 3).

Estimation of the total CO2 output of area A gave a value of about 20,000 t a− 1. Such output value, comparable 
with a quiescent volcanic system, further underscores the important contribution of geogenic degassing along 
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active tectonic structures to the natural carbon cycle. Periodic and/or continuous monitoring of gaseous emis
sions in the same area would be useful to obtain possible precursory signals.

1. Introduction

Seismically active regions are considered areas of anomalous geo
genic degassing. Numerous studies have focused on quantifying the 
release of geogenic CO2 into the atmosphere across different geological 
environments (e.g., Kerrick, 2001; Burton et al., 2013; Fischer et al., 
2019). In recent decades, the tectonic carbon degassing has been rec
ognised as a significant contributor to the global carbon cycle (e.g., 
Chiodini et al., 2011; Yüce et al., 2017; Daskalopoulou et al., 2019; 
D'Alessandro et al., 2020; Randazzo et al., 2021; Li Vigni et al., 2022, 
2025). The relationship between tectonically active regions and 
deeply-derived fluid migration has been well-documented since long 
time (Barnes et al., 1978). The spatial distribution and amount of geo
genic fluids released into the atmosphere are strongly influenced by 
regional normal and transcurrent faulting, as well as the lengths of 
continental rifts (Brune et al., 2017; Tamburello et al., 2018). Indeed, 
active deep fault systems, sometimes characterized by enhanced 
porosity and permeability, are the preferential pathways for the escape 
of advective fluids, which carry gases such as CO2 and He from the deep 
crust or mantle to the atmosphere (e.g., Irwin and Barnes, 1980; 
Faulkner et al., 2010; Tamburello et al., 2018). Additionally, these 
geogenic fluids may actively contribute to the generation of deep 
earthquakes (e.g., Du et al., 2006; Chiodini et al., 2020; Caracausi et al., 
2022). Natural gases observed along fault lines in seismically active 
regions may provide crucial insights into tectonic processes and sub
surface dynamics, being natural indicators of fault activity and stress 
accumulation (Toutain and Baubron, 1999; Yang et al., 2005; Fu et al., 
2009, 2017).

Additionally, regions of plate collision, like Southern Türkiye, are 
often areas in which ophiolitic sequences outcrop abundantly (Dilek and 
Thy, 1998, 2009). Ophiolites generally comprise in their sequence ul
tramafic rocks where low temperature continental serpentinization 
processes may produce abundant molecular hydrogen (Leong et al., 
2023). In the presence of adequate catalytic elements (Etiope and Ion
escu, 2015), it may produce also abiotic methane reacting with oxidized 
carbon species (CO2, CO, HCO3

− etc.) through Fischer-Tropsch-like re
actions (Etiope and Sherwood Lollar, 2013). Such reactions have been 
evidenced in the Turkish ophiolitic massifs of Kızıldağ (Yüce et al., 2014; 
D'Alessandro et al., 2018) and Tekirova (Etiope et al., 2011).

Türkiye is located between the Eurasian, African, and Arabian plates, 
undergoing deformation controlled by numerous structures, primarily 
the North Anatolian and East Anatolian fault zones (Şengör and Yılmaz, 
1981; Barka and Kadinsky-Cade, 1988; Reilinger et al., 2006; Emre 
et al., 2018) (Fig. 1a). The East Anatolian Fault Zone (EAFZ) is one of the 
most seismically active regions in Türkiye and the broader Middle East. 
On February 6, 2023, a destructive earthquake with a moment magni
tude of 7.8 struck the Kahramanmaraş province in south-eastern 
Türkiye, occurring along the EAFZ (Fig. 1b). The left-lateral strike-slip 
earthquake was an unpredictable seismic hazard in terms of its magni
tude and destructive capacity for the tectonic setting of the region, 
which is influenced by the interactions of three major plates (Anatolian, 
Arabian, and African). The recent earthquake involved multiple seg
ments, specifically the Pazarcık, Karasu, and Erkenek segments in its 
southern part (Ş;engör et al., 1985; Karabacak, 2007; Karabacak et al., 
2012; Duman and Emre, 2013). A number of studies have been pub
lished just after the earthquake, dealing with the different aspect of 
earth sciences (Akinci et al., 2025; Barbot et al., 2023; Gökçeoğlu, 2023; 
Jia et al., 2023; Karabacak et al., 2023; Kocaman, 2023; Melgar et al., 
2023; Reitman et al., 2023; Rosakis et al., 2023; Akar, 2024; Gürboğa 
et al., 2024; Meng et al., 2024; Akıncı et al., 2025; Hu et al., 2025; 
Meghraoui et al., 2025; Sharma and Biswas, 2025). The total surface 

rupture length has been estimated to be 400 km by Gökçeoğlu (2023), 
345 km by Reitman et al. (2023), 270 km by Karabacak et al. (2023) and 
in 264 km by Gürboğa et al. (2024).

The geological history of the EAFZ indicates that this fault system has 
a long record of large earthquakes, both in historical and instrumental 
periods. This ongoing seismic activity raises significant concerns for the 
safety and preparedness of communities in the region.

The 2023 Kahramanmaraş earthquake was a major geological event 

Fig. 1. a) Active tectonic map of Türkiye (Emre et al., 2018); b) Tectonic map 
of the region around the study area (Emre et al., 2018; Kürçer et al., 2023; 
Elmacı et al., 2024) and epicentral distribution of the earthquakes bigger than 
magnitude 3 between 1900 and 2025 compiled from AFAD catalogue.
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that not only caused widespread destruction but also provided a unique 
opportunity to investigate fundamental tectonic processes, including 
stress transfer between interacting fault segments, rupture segmenta
tion, and fault-controlled fluid migration. Understanding these pro
cesses is essential because they directly control the spatial and temporal 
evolution of seismic hazard, including the likelihood of stress loading on 
neighboring fault segments, the potential for triggered seismicity, and 
the modification of subsurface permeability that governs fluid migra
tion. In tectonically active regions such as southeastern Türkiye, where 
multiple major fault systems interact, such knowledge is critical for 
improving earthquake forecasting models, hazard assessment, and 
resilience-oriented mitigation strategies, particularly when integrated 
with geological, geophysical, and geochemical observations.

The TUBITAK project 123Y301, based on previous studies of fluid's 
geochemistry in the area (Italiano et al., 2013; Yüce et al., 2014, 2017; 
D'Alessandro et al., 2018), is intended to investigate the geochemical 
processes affecting fluids circulating along the EAFZ, with a special 
focus on areas in which tectonic stress is still accumulating. In this 
framework, the present study focusses on the geogenic degassing of an 
active fault system close to the town of Osmaniye, in the southeast part 

of Türkiye. The study comprises: i) the chemical and isotope analyses of 
the gases released in three different areas along the Osmaniye segment 
of EAFZ, investigating the origin of the different species, ii) the mea
surement of the CO2 gas flux from the soil for the quantification of the 
CO2 output of the area and iii) the assessment of the potential use of the 
site for continuous and/or periodic gas monitoring as a precursor of the 
fault activity in the area.

2. Geological and tectonic settings

2.1. Geological setting

The geodynamic history of the Eastern Mediterranean from the Late 
Cretaceous to the Miocene is characterized by the collision of the Afri
can–Arabian plates with the Eurasian plate that caused the migration of 
the Anatolian block west-southwest along the Eastern Mediterranean 
Arc. This is accommodated by two significant transform fault systems: 
The North Anatolian Fault Zone (NAFZ) and the East Anatolian Fault 
Zone (EAFZ) (Şengör and Yılmaz 1981; Hempton, 1987; Barka and 
Reilinger, 1997). The collision connecting south-eastern Türkiye to the 

Fig. 2. Geological map of the study area (based on Sümengen, 2014). The position of the three studied areas (A, B and C) is shown on the map.
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Eastern Mediterranean basin runs through the Misis-Andırın, and 
Amanos ranges (Fig. 1). Osmaniye is also located on the collision area 
comprising a composite geological setting, mainly Mesozoic–Early 
Tertiary carbonate and terrigenous sedimentary rocks, along with 
basic–ultrabasic ophiolite-related units, and tectonic features, mega 
scale left-lateral EAFZ and many active faults.

Geological setting of the Osmaniye region is composed of three 
groups of sequences; the Amanos, Misis-Andırın sequences and the 
Pliocene-Quaternary cover units that unconformably lie on two older 
sequences (Sümengen, 2014; Beyazpirinç and Usta, 2018). The Amanos 
sequence ranges in age from the Early Ordovician to the Middle Miocene 
with quartzite and quartzitic sandstones interbedded with siltstones and 
shales. Due to the widespread tectonic movements in the late 
Campanian-early Maastrichtian the ophiolitic mélange (Kızıldağ 
ophiolite) was emplaced (Fig. 2). The Kızıldağ ophiolite is one of the 
most complete ophiolitic sequences in the world with a thickness of 
8500 m (Bağcı et al., 2005; Dilek and Thy, 2009; Tanırlı and Rızaoğlu, 
2016; Şimşek et al., 2023).

The Misis-Andırın succession is located on the Amanos succession 
with a tectonic contact. The sequence is mainly composed of the Andırın 
limestone and Andırın mélange comprising a strongly mixed unit 
including blocks of different ages and types in a fluvial matrix (Fig. 2).

These two sequences have been covered by the Pliocene and Qua
ternary volcanics and recent alluvial deposits as basin fill (Fig. 2). The 
Adana Basin is an important sedimentary basin formed by extensional 
tectonics and hosts thick sequences of clastic and carbonate sediments, 
around 6 km thick (Willams et al. 1995; Yetiş et al., 1995; Burton-Fer
guson et al., 2005). Thus, Quaternary volcanics called the Delihalil 
Basalt is a tholeiitic plateau basalt that emerges around Yumurtalık, 
Ceyhan, Osmaniye, and Haruniye from the main outcrop centre at 
Delihalil Tepe. Titaniferous augite, augite and olivine micrograins, and 
plagioclase microliths make up the matrix, whilst the basaltic lavas are 
often intergranular porphyritic in texture and composed of plagioclase, 
and olivine phenocrysts (Bilgin and Ercan, 1981). Arger et al. (2000)
reported in this area K–Ar ages spanning from 0.61 ± 0.10 to 
2.25 ± 0.78 Ma and thus attributable to the Quaternary period.

2.2. Tectonic setting and seismicity of the area

The tectonic evolution of the Osmaniye region is dominated by the 
convergence of the Anatolian, Arabian, and African plates. A series of 
phases are described in literature related to Tethys evolution (Robertson 
et al., 2004). A Late Permian–Triassic rifting of the Southern Tethys, 
followed by a Mesozoic carbonate platform formation by passive margin 
subsidence. During the latest Cretaceous, subduction/accretion an 
ophiolite sequence was emplaced along the northern margin by 
obduction upon the Arabian margin. Ophiolitic and arc-type units in the 
volcano-sedimentary unit, slices and blocks in the melange are examples 
of oceanic crust that formed above a N-dipping subduction zone in 
relation to the partial closure of the Tethys. Northern and southern 
margins of the Southern Tethys underwent renewed, mainly carbonate, 
deposition on a restored passive margin in Palaeocene – Early Eocene. 
Later on, northward subduction resumes the accretion of the Mis
is-Andırın range in the Late Eocene-Oligocene. The earliest Miocene 
period (Aquitanian) marked the end of melange genesis. Neritic car
bonate and then deeper water clastic deposits covered the old accre
tionary prism. Then, Mid-Late Miocene is the time when the 
convergence resumes, with the emplacement of a turbidite basin and 
suture tightening. Lastly, along the EAFZ and its westward prolongation 
as fault strands, dominantly left-lateral strike-slip allowed for the 
continuation of regional N–S convergence (Şengör et al., 1985; Dewey 
et al., 1986; Reilinger et al., 2006). The tectonic structure of the area is a 
result of the left lateral strike-slip movement of the EAFZ that has per
sisted to recent and enlarged into a broad fault area (Şaroğlu, 1985; 
Koçyiğit et al., 2001; Şengör et al., 2003). The area has a number of fault 
zones and segments that are active and have the potential to create 

destructive events as was seen in the 2023 earthquakes. There are three 
active fault systems around the town of Osmaniye (Fig. 1b and 2) which 
are Toprakkale fault, Erzin and Osmaniye segments of the EAFZ (Emre 
et al., 2018). The Osmaniye Segment is 24 km long with N45◦E striking, 
65◦ NW dipping. It is a normal fault with Holocene activity and can 
probably produce Mw: 6.68 earthquakes (Wells and Coppersmith, 
1994).

According to the seismotectonic map of Türkiye, focal mechanism 
solutions along the fault segments indicate a normal faulting dominant 
mechanism. Based on the catalogue of the Disaster and Emergency 
Management Authority (AFAD), 303 events with magnitude 3<M < 4, 
24 with magnitude 4<M < 5 and 3 earthquakes with magnitude 
5<M < 6 took place after occurrence of the first shock.

3. Methods

3.1. Selection of the study area

The area of Osmaniye has been included in the ongoing TUBITAK 
project 123Y301 because in June 2013 the groundwater sample 
collected at a local spring, analysed for its dissolved He isotope 
composition, gave a RC/RA value of 5.55 indicating a strong mantle 
contribution (D'Alessandro et al., 2018 and Table S1). During the first 
campaign of the present project in May 2024, the same spring was found 
dry. Local inhabitants claimed that the spring had dried out as a 
consequence of the February 2023 earthquakes. Looking up to find 
alternative groundwater sampling sites we found at a distance of few 
hundred meters two zones with visible signs of anomalous degassing. 
These included several thousands of m2 of land showing stunted or ab
sent vegetation, strong alteration of the soils and extensive surface de
posits of sulfur and sulfate efflorescences. There are also indications of 
excavation, potentially for the extraction of sulfur or alum. Pictures of 
all these features can be found in the supplementary material. At one of 
these zones gas was bubbling in a rainwater pond. The analysis of the 
collected gas sample confirmed the presence of a deep degassing 
component (sample A34 May 2024 – Fig. 3a and Table S1). Therefore, 
we decided to study in detail this area (A) in the following sampling 
campaign in September 2024. For comparison, we extended our mea
surements to other two areas (B and C) along the same tectonic system 
(Figs. 2 and 3). Area B, about 1 km north of area A, was chosen to 
compare an area with no signs of degassing, easily accessible to make 
two parallel traverses intersecting the Osmaniye fault trace, while area C 
was included, although further away (about 10 km south-west) because 
previous studies (D'Alessandro et al., 2018) indicated a significant 
mantle contribution for helium in the bubbling gases of the hyperalka
line spring.

3.2. Sampling and analytical methods

In May and September 2024 and in June 2025, three sampling 
campaigns were carried out. Sixteen gas samples have been collected in 
the study area: 5 bubbling gases and 11 soil gases. Samples have been 
collected in borosilicate (Pyrex) glass vessels with two vacuum stop
cocks for He isotope analysis and in Exetainer© Labco vials for chemical 
and for carbon isotopic compositions of CO2, CH4 and C2H6 or hydrogen 
isotopic compositions of CH4.

Bubbling gases were collected filling the sampler with the water in 
which the gas was bubbling and placing an inverted funnel connected to 
the sampler above the gas bubbling. As soon as the gas had displaced the 
water inside, the sampler was closed. Soil gases were collected by 
inserting a pipe (3 mm inner diameter) in the soil at about 50 cm depth 
and driving the gas by a syringe and a 3-way valve to the gas sampler.

The analyses of the gas samples were carried out at the laboratories 
of Istituto Nazionale di Geofisica e Vulcanologia of Palermo (INGV-Pa). 
The concentrations of He, H2, H2S, O2, N2, CO2, CH4, and C2 and C3 
alkanes of the samples were determined by an Agilent 7890B gas 
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chromatograph with Ar as carrier, equipped with a 4-m Carbosieve S II 
and PoraPlot–U columns. A Thermal Conductivity Detector has been 
used to measure the concentrations of He, O2, N2, and CO2 and a Flame 
Ionization Detector for CH4 and C2 and C3 alkanes. The analytical errors 
have been estimated in less than 5 % for He, H2, H2S, and C2 and C3 
alkanes and 3 % for O2, N2, CH4, and CO2.

Carbon isotopes of CO2, CH4 and C2H6 and hydrogen isotopes of CH4 
have been measured at INGV-Pa using a Thermo TRACE GC interfaced to 
a Delta Plus XP gas source mass spectrometer, equipped with a Thermo 
GC/C III (for carbon) and with GC/TC peripherals (for hydrogen) and 
expressed as δ ‰ notation (δ =(Rsample/Rstandard − 1) * 1000 where R is 
the isotope ratio). The 13C/12C ratios are reported as δ13C–CO2, 
δ13C–CH4 and δ13C–C2H6 ‰ values (precision ±0.15 ‰) with respect to 
the V-PDB standard while 2H/1H ratios are reported here as δ2H–CH4 
values (precision ±2.0 ‰) with respect to the V-SMOW standard.

The abundance and isotope composition of He, and the 4He/20Ne 
ratios, have been determined either at INGV-Pa or at the Department of 
Geosciences, National Taiwan University (NTU) by separately admitting 
He and Ne into a Split Flight Tube Noble Gas Mass Spectrometer (Helix 
SFT). Helium isotope compositions are given as R/RA, where R is the 
(3He/4He) ratio of the sample and RA is the atmospheric (3He/4He) ratio 
(RA = 1.386 × 10− 6). The analytical errors were generally <1 %. Sam
ples analysed at INGV-Pa for He isotopes were also analysed for Ar 
isotopes (40Ar/36Ar and 38Ar/36Ar) with a Static Vacuum Mass Spec
trometer (Argus VI).

Radon in the soil was measured with a RAD7 electronic radon de
tector that aspirates gas through a probe inserted into the soil at 50 to 
70 cm depth. Measurements of soil gas radon was made at 5-min in
tervals over 4 cycles. Simultaneous measurements of CO2 and O2 con
centrations were made with a GASLAB PRO multi-gas data logger.

Carbon dioxide flux has been measured with the accumulation 
chamber method (Chiodini et al., 1998) at 176 sites with a portable soil 
fluxmeter (WEST Systems, Italy). Flux values have been determined at 
each site from the rate of CO2 concentration increase in the chamber and 
are expressed in the current work in grams per square meter per day 
(g × m− 2 × d− 1) after conversion from volumetric to mass concentra
tions considering the measured atmospheric pressure and temperature 
values. The portable soil fluxmeter is equipped with a Licor LI820 IR 
spectrometer characterized by a reproducibility better than 20 % in the 
measuring range 10 - 20,000 g × m− 2 × d− 1. The used accumulation 
chamber has an area of 0.031 m2 and a volume of 0.0028 m3. Care has 
been taken to follow the recommendations for flux measurements as 
proposed by Lewicki et al. (2005). Flux measurements were made only 
in two of the selected areas (A and B). No flux measurement has been 
made in area C because of limited time during the sampling campaign, 
but considering that the gas bubbling in the spring has very low con
centrations in CO2, typical of hyperalkaline springs, the presence of deep 
CO2 degassing in this area is very unlikely. Measurements have been 
made on the 20th and 21st of September for area A and on the 24th of 
September for area B. Weather was stable during the whole period with 
no sharp variations in atmospheric pressure nor strong winds.

The CO2 flux data were elaborated by both statistical and geo
statistical tools. The GSA method (Chiodini et al., 1998), based on Sin
clair's partitioning method (Sinclair, 1974), was used to characterize the 
CO2 flux. This method allows the partitioning of polymodal statistical 
distribution into individual populations and the definition of pop
ulations statistical parameters and relative proportions. Because the gas 
flux data resulted a combination of log-normal distributed populations, 
the computed mean and standard deviation of the partitioned pop
ulations refer to the logarithm of CO2 flux values, the mean of the CO2 
flux and the 95% confidence interval of the mean were thus estimated by 
the Sichel's t-estimator (David, 1977).

The map of the CO2 fluxes was drawn using the sequential Gaussian 
simulations (sGs method; Cardellini et al., 2003). The sGs method con
sists of the production of numerous equiprobable realizations of the 
spatial distribution of the CO2 flux by using the sgsim algorithm of the 

Fig. 3. Detailed maps of the three studied areas A, B and C. The positions of all 
gas sampling sites are indicated with a red dot while all CO2-flux measurement 
points are displayed as white dots.
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GSLIB software library (Deutsch and Journel, 1998) according to the 
variogram model of the normal score of the CO2 flux derived from the 
experimental variogram. In the present study, 100 equiprobable re
alizations were computed for the area using a computational grid of 
2 × 2 m. The CO2 flux map is then reported as map of the ‘‘expected’’ 
values at any cell (E-type estimates), obtained through a pointwise 
linear average of all the realizations (Deutsch and Journel, 1998). The 
results of the sGs were also used to estimate the total CO2 output sum
ming the products of simulated value at each grid cell by the cell surface. 
The mean and the standard deviation of the 100 simulated values of total 
CO2 output, computed for the 100 realizations, were assumed to be the 
characteristic values of the CO2 output of its uncertainty for the area.

4. Results

Chemical and isotope compositions and geographic coordinates of 
the gas samples are reported in Table S1 (supplementary material). 
Carbon dioxide (up to 990,400 μmol mol− 1) is the principal component 
in all but one of the soil gas samples of area A, while nitrogen and oxygen 
(up to 782,000 and 202,200 μmol mol− 1 respectively) prevail in the soil 
gases of area B, indicating a dominant air component (Fig. 4a). Methane 
(up to 953,000 μmol mol− 1) is the main component of the gas bubbling 
in the hyperalkaline spring of area C (Fig. 4b). Significant CH4 con
centrations (up to 1400 μmol mol− 1) are generally found also in the 
gases of area A, while in area B it shows no detectable concentration 
(<1 μmol mol− 1). Helium ranges from 7 to 107 μmol mol− 1 with the 
highest values measured in area C. Hydrogen ranges from <3 to 
3080 μmol mol− 1 with values often in the order of hundreds of μmol 
mol− 1 in both areas A and C and less than the detection limit in area B. 
Finally, H2S and C3H8 are systematically <10 μmol mol− 1, while C2H6 is 
found only in area C (1940 to 3380 μmol mol− 1).

The isotopic composition of δ13C–CO2 ranges from − 0.3 to 1.5 ‰ in 
area A and from − 23.3 to − 21.7 ‰ in area B. No data on δ13C–CO2 is 
available for area C. Methane shows δ13C–CH4 values between − 26.9 
and − 26.0 ‰ in area A and between − 8.5 and − 7.9 ‰ in area C, while 
δ2H–CH4 values could be measured only in area C (− 157 to − 132 ‰). 
On two samples of area C also δ13C–C2H6 values (− 21.9 and − 21.2 ‰) 
have been measured.

Helium isotope analyses gave R/RA values from 4.85 to 5.34, with 
4He/20Ne ratios between 1.84 and 36.7 at area A, while in area C they 
ranged respectively from 2.45 to 3.14 and from 1.26 to 158. Argon 
isotopic ratios were in the range 296.4 – 304.0 (40Ar/36Ar) and 0.1866 – 
0.1870 (38Ar/36Ar) for both area A and C. Neither He nor Ar isotope 
values were obtained for area B.

Areas A and B exhibit notable differences in soil gas concentrations. 
Soil gas radon activity concentrations were between 21.6 and 5603.3 Bq 
m− 3. The mean and median concentrations for radon calculated were 

1623.5 and 873.7 Bq m− 3, respectively. In Area A, radon levels ranged 
from 21.6 to 1733.3 Bq m− 3, whereas in Area B, they varied between 
349.0 and 5603.3 Bq m− 3. The temperature recorded by the RAD7 de
vice and the multigas data logger were generally consistent, with values 
ranging between approximately 27 ◦C and 46 ◦C.

Soil CO2 fluxes measured in the areas A and B range from 0.4 to 
57,200 g m− 2 d− 1 and can be considered as the overlapping of three log- 
normal populations in area A and two log-normal populations in area B 
(Fig. 5). Statistical parameters are reported in Table 1. All flux data and 
geographic coordinates are reported in Table S1 (Supplementary 
Material).

5. Discussion

5.1. Characterization of the main sources of the gases in the three areas

The three investigated areas show very different chemical and 
isotope gas composition suggesting distinct sources for the gases.

5.1.1. Atmospheric gases
The constituent most apparently identified is related to the atmo

spheric air (N2, O2, and Ar). The composition of the soil gases of area A 
and B fall along a mixing line between the atmospheric air composition 
and a CO2-rich deep degassing component (Fig. 6a). The atmospheric 
component, excluding sample contamination during sampling, can be 
added to the gas mixture either by meteoric recharge, which can deliver 
atmospheric gases up to great depths within the hydrologic circuit, or by 
diffusion within the soil in a much shallower environment. These two 
processes can generally be discriminated by the N2/O2 ratio. The at
mospheric component deriving from diffusion within the soil maintains 
almost the same molar ratio of atmospheric air (N2/O2 = 3.7). The soil 
gases of both area A and B show ratios close to air (3.8 – 5.9), while 
samples with less than about 10,000 μmol mol− 1 N2 display slightly 
higher values (up to 8.5). Instead, the gases bubbling in the hyper
alkaline spring of area C show much higher N2/O2 ratios (36 – 570), 
pointing to oxygen consumption through redox reactions within the 
hydrologic circuit (Fig. 6b). The strongly reducing conditions in the 
hyperalkaline spring water (Yüce et al., 2014) support the oxygen con
sumption hypothesis.

The few available argon isotope data indicate no other source 
(crustal or mantle) than atmospheric air for this gas.

5.1.2. Carbon dioxide
Regarding the second end-member in the mixing line between at

mospheric and deep origin gases, it has a CO2-dominant composition 
(CO2 > 95%vol – Fig. 6a). The carbon isotope composition of CO2 in the 
less air-contaminated samples is − 0.3 ‰ (Fig. 7), indicating a likely 

Fig. 4. Chemical composition of the sampled gases. (a) O2–CO2–N2 and (b) CH4–CO2–N2 ternary diagrams. The atmospheric air (N2/O2 = 3.7) composition is 
also plotted.

G. Yüce et al.                                                                                                                                                                                                                                    Applied Geochemistry 201 (2026) 106766 

6 



origin from decarbonation of marine limestones (Sano and Marty, 
1995). The two samples of area B, instead, show a strongly negative 
(<− 21.7 ‰) δ13C–CO2 (Fig. 7), indicating an almost purely organic 
source (Sano and Marty, 1995). The samples of area A with lower CO2 
contents do not align along a mixing line between the deep geogenic 
source and the shallow organic one. This most probably depends on the 
fact that samples were collected in areas devoid of vegetation with 
strongly altered soil with scarce organic content. On the contrary, the 
samples align along a fractionation line pointing towards slightly more 

positive values (Fig. 7). This could be due to diffusion kinetic fraction
ation owing to the concentration gradient between the soil CO2 and the 
atmospheric air that permeates the soil (Camarda et al., 2007).

Finally, the samples collected in area C have very low CO2 contents 
(<800 μmol mol− 1) which is a typical feature of hyperalkaline springs. 
The very high pH of the water induces a complete dissolution of CO2 and 
its transformation in HCO3

− and CO3
2− ions. The small CO2 quantities, 

sometimes measured, are not in equilibrium with the water and prob
ably derive from shallow sources (atmosphere, organic activity) due to 
mixing with shallow aquifers.

5.1.3. Light alkanes
The only area in which light alkanes were always below detection 

limit was area B. on the contrary, at area C, CH4 represents more than 90 
%vol of the gases and ethane has a concentration of about 
3000 μmol mol− 1, while propane was below detection limit 
(<10 μmol mol− 1). As previously highlighted by D'Alessandro et al. 
(2018), many pieces of evidence point to an abiotic origin of these al
kanes. The authors (D'Alessandro et al., 2018) support their conclusions 
with: i) the strongly positive isotope composition of both carbon and 
hydrogen of methane; ii) the more negative value of δ13C–C2H6 with 
respect to δ13C–CH4, and iii) the strongly correlated (r2 > 0.99) 
Shultz-Flory distribution (decreasing concentration with increasing 
carbon number – Etiope and Sherwood Lollar, 2013) of the alkanes. The 
close geographic connection with the Kızıldağ ophiolite outcrops and 
the bubbling of the collected samples in a hyperalkaline spring supports 
the origin of these gases from Fisher-Tropsch-like reactions, which are 
favoured by the probable presence of catalysing elements, such as 

Fig. 5. Probability plot of the CO2 fluxes from (a) area A and (b) area B. The blue lines represent the partitioned populations.

Table 1 
Statistical parameters of CO2 flux populations.

Area A

Populations Mean CO2 flux σ Proportion Area CO2 output

g m− 2 d− 1 % m2 t d− 1

I 11.9 0.46 30.7 35,900 0.13
II 389 0.39 50.5 ​ 6.98
III 8513 0.33 18.8 ​ 58.1
​ ​ ​ ​ ​ 65.2

Area B

Populations Mean CO2 flux σ Proportion Area CO2 output

g m− 2 d− 1 % m2 t d− 1

I 4.45 0.29 90.4 101,700 0.40
II 19.1 0.25 9.6 ​ 0.17
​ ​ ​ ​ ​ 0.58

Fig. 6. a) CO2 vs. N2 binary plot and b) N2/O2 vs. N2 binary plot. The atmospheric air (N2/O2 = 3.7) composition is also plotted.
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Ruthenium (Etiope and Ionescu, 2015). This element is particularly 
enriched in chromite accumulations within ophiolitic sequences (Etiope 
and Ionescu, 2015), which are also found in the Kızıldağ massif (Dilek 
and Thy, 2009). These hypotheses suggest that the origin of active 
economic methane occurrence close to study area may be ascribable to 
an abiogenic source related to serpentinization processes in the Kızıldağ 
ophiolite sequences.

As reported in the result section, alkane concentrations in area A are 
much lower, with CH4 concentrations within the typical range of hy
drothermal systems (Chiodini, 2009). Also the carbon isotope compo
sition of CH4 (around − 26.5 ‰) is close to the range of values generally 
measured for geothermal CH4 (Fiebig et al., 2013; Milkov and Etiope, 
2018). Such values have been generally attributed either to abiotic re
actions within a geothermal reservoir (Daskalopoulou et al. 2018) or to 
thermal degradation of organic matter (Fiebig et al., 2019). We did not 
have the possibility to measure other parameters, such as C1/(C2+C3) 
alkane ratio or δ2H–CH4, that would have been helpful in better con
straining the origin of the alkanes in area A gases. However, the first 
hypothesis can be supported by the active abiogenic serpentinization 
processes in the Amanos Mountain ranges close to the study area (Yüce 
et al., 2014).

Although no anomalous temperature has been measured at the sur
face, and the measured concentrations and C-isotope composition of 
CH4 may be explained by other processes, the presence of a hot water 
reservoir at depth cannot definitely be ruled out.

5.1.4. Hydrogen
The presence of hydrogen has long been evidenced in gases collected 

along active faults and its variations have sometimes been related to 
seismic activity (Sugisaki et al., 1983; Sato et al., 1986; Hirose et al., 
2011). Previous studies demonstrated that concentrations in soil gases 
range from below detection limit up to several % with the highest 
concentration mainly linked to seismic structures related to historical 
earthquakes (Sugisaki et al., 1983). Spike-like hydrogen anomalies may 
also be due to the increase in permeability along the seismic structure as 
a consequence of stress built-up releasing accumulated hydrogen of 
various origin (Sato et al., 1986; Zhou et al., 2021). Sources of hydrogen 
may be multiple, although organic processes, radiolysis and the mantle 
have been considered to be negligible in such environment. Sugisaki and 
coworkers (Sugisaki et al., 1983) considered the reaction of water with 
freshly exposed surfaces of silicate rocks due to the tectonic stress as one 
of the main sources within active faults. Another source, suggested by 
Sato and coworkers (Sato et al., 1986) is the oxidation of ferrous iron in 
olivines and pyroxenes in mafic rocks yielding magnetite and gaseous 

H2. Similarly, ultramafic rocks alteration (serpentinization, carbonation, 
etc) produces this gas even at temperatures as low as 30 ◦C (Neubeck 
et al., 2014). Low temperature production may also be suggested by 
δ2H–H2 values around 700‰ similar to many continental serpentiniza
tion areas, like for example the nearby Kizildag massif (D'Alessandro 
et al., 2018). Even altered ultramafic rocks, if still rich in ferrous iron, 
can be source of H2 through iron oxidation reactions.

Although H2 production may be obtained at low temperature, higher 
temperature (200-350 ◦C – Mayhew et al., 2013) may increase reaction 
kinetic and therefore hydrothermal systems release generally H2-rich 
gases.

In the study area, H2 has been found in concentrations up to few 
thousands of μmol mol− 1. Being the area characterised by the presence 
of active tectonic structures, by outcropping basaltic flows and ophiolite 
sequences, and by increased geothermal gradients (Bilim et al., 2017), 
all the above suggested processes may be the source of this gas. 
Furthermore, being hydrogen highly reactive, concentrations above 
100 μmol mol− 1 measured in soils have been considered as derived from 
steadily active processes (Sugisaki et al., 1983). Some of them, like 
water-rock interactions sustained by serpentinization reactions, hydro
thermalism and active stress accumulation along the fault, may be 
considered active in the studied areas.

5.1.5. Helium
Helium isotope composition is a strong discriminant between crustal 

and mantle sources whose R/RA values are very different with the 
former around 0.01 (Ballentine and Burnard, 2002) and the latter, 
around 8, considering a MORB-like mantle (Ozima and Podosek, 2002). 
Atmospheric gases have an intermediate value of 1 for R/RA but their 
contribution can be easily discriminated by measuring the 4He/20Ne 
ratio, which is very different (0.318) from that of the other two main 
sources (>1000). Indeed, when the atmospheric contamination is not 
too high, like in the gases collected for this study (measured 4He/20Ne 
ratios between 1.26 and 36.7), the isotope ratio of the sample can be 
recalculated eliminating the atmospheric component following the 
method of Sano and Wakita (1985). The corrected values (RC/RA) range 
from 2.94 to 3.20 for area C and from 5.38 to 5.95 for area A, indicating 
a strong mantle contribution corresponding to 35 - 40% and 70 - 75% 
respectively (Fig. 8). Such percentages of mantle contribution refer to a 
MORB-like mantle. Indeed, fluid inclusions in olivine crystals of recent 
(<0.61 Ma) volcanic rocks of this region display R/RA values in the 
range 7.29 – 8.03 confirming that the mantle source of these lavas did 
not suffer any important process of crustal contamination (Italiano et al., 
2017). Such an important mantle contribution shows that the studied 
tectonic system acts as a permeable route for the upflow of fluids directly 
from the mantle.

5.1.6. Radon
The measured radon levels in the soils along the studied tectonic 

structure can be considered quite low (max 5.6 and median value 0.87 
kBq m− 3), especially when compared with previous studies conducted 
along active fault zones, where much higher soil radon concentrations 
have been reported. Close to the Manisa Fault, values exceeding 35 kBq 
m− 3 have been observed (Taşköprü et al., 2023), while studies from the 
İzmir Fault have reported concentrations up to 22 kBq m− 3 (Masruoğlu 
et al., 2023; İçhedef et al., 2025). For comparison Yüce et al. (2017) in 
soil gases of the close by Amik basin found higher values (max 83.9 and 
median value 7.3 kBq m− 3), while Ciotoli et al. (2014) reports median 
soil 222Rn values for 11 different intermontane plains in central Italy 
ranging from 6.47 to 58.8 kBq m− 3. These findings suggest that the 
studied region exhibits notably lower radon activity, which may be due 
to differences in geological structure, fault permeability, or soil char
acteristics. One of the factors that could explain these lower values is the 
lithology of the study area. Yüce et al. (2017) indeed observed a slight 
difference of Rn concentration in different rock units. The study area 
actually comprises lithologies with low concentrations of U which is the 

Fig. 7. CO2 vs. δ13C–CO2 (‰ vs. V-PDB) binary plot. The black arrow repre
sents the kinetic fractionation of δ13C–CO2 due to diffusion through the soil in 
area A (Camarda et al., 2007).

G. Yüce et al.                                                                                                                                                                                                                                    Applied Geochemistry 201 (2026) 106766 

8 



precursor of the emitted 222Rn. Mafic and ultramafic rocks, which 
compose prevailingly the ophiolitic sequence whose outcrops are 
widespread in the area, show generally U contents below 0.1 μg g− 1 with 
the few values above referring to more evolved products (Dilek and Thy, 
1998). The recent volcanic rocks outcropping in the area show also 
values mostly below 1 μg g− 1 (Italiano et al., 2017). No data have been 
found for the remaining lithologies of the area but these are mostly 
sedimentary rocks which have U content generally lower than the 
average upper continental crust (2.5 – 2.8 μg g− 1; Reimann and De 
Caritat, 1998).

In area A, CO2 is observed as the dominant gas component in the soil 
gas composition. Radon and CO2 are generally expected to migrate 
together due to similar transport mechanisms in the subsurface envi
ronment. However, a negative correlation (− 0.29) between radon and 
CO2 was found, suggesting that the presence of high CO2 concentrations 
may be influencing radon transport dynamics (Fig. 9). One possible 
explanation for this is that high CO2 fluxes may dilute other soil gases, 
including radon. Additionally, a strong negative correlation (− 0.62) 
between CO2 and O2 was observed, indicating that as CO2 levels in
crease, O2 levels significantly decrease (Fig. 9). This inverse relationship 
further supports the notion that deep-derived CO2 plays a dominant role 
in the soil gas environment of this area, potentially displacing or diluting 
gases of shallow origin. Consequently, the observed correlations suggest 
that elevated CO2 concentrations may lead to a reduction in both radon 
and O2 levels.

5.2. CO2 output estimation

In area B, CO2 from almost all the samples can be attributed to an 
organic source. Only two sites may be ascribed to a mixed organic/deep 
source on statistical basis but the isotope composition indicates a purely 
organic origin (δ13C–CO2 < − 21.7 ‰). The contribution of this area to 
the geogenic degassing of the Osmaniye tectonic structure can therefore 
be considered negligible.

In the case of area A, instead, the probability plot of Fig. 5 evidenced 
three populations. Population III is characterized by a much higher 
mean CO2 flux value (8513 g m− 2 d− 1) and should be considered to 
represent the deep CO2 degassing. Population I is characterized also in 
this area by low mean CO2 flux value (11.9 g m− 2 d− 1) and may 
represent the biological CO2 background flux for the region. The mean 
CO2 flux of population I is in line with CO2 fluxes generally produced by 
the biological activity for different ecosystems (mean CO2 fluxes from 
0.2 to 21 g m− 2 d− 1, Viveiros et al., 2010; Cardellini et al., 2017 and 
references therein) and with the biological background generally found 
in hydrothermal sites (Chiodini et al., 2008 and references therein). 
Population II, with intermediate flux values (mean value 389 g m− 2 

d− 1), represents a mixture of the two sources (deep degassing and 
shallow organic activity).

The obtained CO2 flux map (Fig. 10) evidences two strongly anom
alous areas which correspond to the areas with greatest soil and rock 

Fig. 8. R/RA ratio vs. 4He/20Ne ratio binary plot. The dashed lines represent 
the mixing between atmosphere (1RA, Ozima and Podosek, 2002; 
4He/20Ne = 0.318, Sano and Wakita, 1985), crust (0.01-0.02RA, Ballentine and 
Burnard, 2002; 4He/20Ne > 1000, Sano and Wakita, 1985) and MORB-type 
mantle (8 ± 1 RA, Ozima and Podosek, 2002; 4He/20Ne > 1000, Sano and 
Wakita, 1985) helium sources. The green area represents the R/RA and 
4He/20Ne data from fluid inclusions hosted in olivine phenocrystals from the 
nearby Amik and Toprakkale volcanic areas (Italiano et al., 2017).

Fig. 9. Correlation matrix (Correlogram) showing the relationships between radon concentration and meteorological parameters taking into account both areas A 
and B. RH = relative humidity.
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alteration. These two strongly degassing areas seem to be roughly par
allel to the main direction of the Osmaniye segment on the EAFZ (Fig. 2). 
This may suggest that the structure that allows the upflow of abundant 
geogenic CO2 in this area is one of the splay faults parallel to the main 
structure. Other areas with somewhat less pronounced degassing (in
termediate colours in Fig. 10) but still clearly anomalous are generally 
related to areas with stunted or absent vegetation but with no apparent 
soil or rock alteration. Such areas seem not to follow the direction of the 
main structure.

One simple method to obtain an estimation of the total output of CO2 
from the investigated area is to multiply the mean flux value of each 
population obtained from the probability plot analysis by the surface 
area corresponding to the percentage of that population. For area A this 
results in a total CO2 output of 65.2 t d− 1 (Table 1). The contribution of 
population I, which is ascribable to almost exclusive organic origin, can 
be considered negligible (0.13 t d− 1).

Another method, considered more accurate (Lewicki et al., 2005), is 
the use of the sGs method (Cardellini et al., 2003). The total amount of 
released CO2 estimated with such method is 54.3 ± 10 t d− 1 over an area 
of 35,900 m2. Such output is almost totally ascribable to deep geogenic 
sources with the contribution of biogenic CO2 being at most 0.43 t d− 1) 
considering a biogenic CO2 flux of 11.9 g m− 2 d− 1 (i.e., the mean CO2 
flux of population I) over the entire area.

The results of the two methods are quite similar but in the following 
of the discussion we will consider the second one which is considered at 
present the gold standard for CO2 output estimations (Cardellini et al., 
2003; Lewicki et al., 2005).

The estimated output is comparable to a volcanic system classified by 
Fischer et al. (2019) among the weak CO2 emitters in their hydrothermal 
stage. Based on statistical calculations, the authors obtained a mean CO2 
output of 36 t d− 1 from such kind of volcanic systems (Fischer et al., 

2019). Such value is close to the estimated output of area A, suggesting 
that this area could be fed by a hydrothermal system. At the moment, 
excluding the occurrence of gases of possible hydrothermal origin (H2 
and CH4), we have no further evidence of a geothermal reservoir. 
Furthermore, a similar CO2 output (67 ± 7 t d− 1) has been documented 
also along an active tectonic system where both hydrothermal activity 
and magmatic intrusion have been definitely excluded (Li Vigni et al., 
2022) underscoring the fact that such output does not necessarily need a 
heat source.

Although no CO2 flux measurements have been performed in area C, 
the occurrence of significant deep CO2 release to the atmosphere in this 
area is unlikely. The presence here of a hyperalkaline spring, points to a 
deep circulation along a fault zone within the ophiolitic sequence. The 
significant mantle contribution for He in the bubbling gases testifies for 
an injection of mantle fluids at the base of the fault. During upflow, 
when these fluids reach the hyperalkaline aquifer, He and CO2 will be 
decoupled due to their very different chemical reactivity. The former, 
being inert, will continue undisturbed its travel to the Earth's surface. On 
the contrary, the latter would be lost either being precipitated as car
bonate minerals due to the very high pH or, in the presence of the 
necessary conditions (occurrence of H2 and metal catalysts), trans
formed in alkanes by Fischer-Tropsch-type reactions (Etiope and Sher
wood Lollar, 2013).

5.3. Relationships between geogenic degassing and the geodynamic 
context of the area

Regional tectonic structures have long been recognised as geogenic 
degassing hotspots of the Earth's surface (Barnes et al., 1978; Irwin and 
Barnes, 1980; Tamburello et al., 2018). This is particularly true for 
extensional or/and transcurrent faults systems. The study area is mainly 

Fig. 10. CO2 flux map of area A and associated variogram diagram. The map reports at each point the average of the CO2 flux computed based on 100 simulations. 
The white line is the inferred diffuse degassing structure which follow the directions of the Osmaniye fault (Fig. 2) and other tectonic lineaments of the area (Emre 
et al., 2018). Map coordinates are expressed in meters (WGS84 UTM 37 N). Basemap from ESRI.

G. Yüce et al.                                                                                                                                                                                                                                    Applied Geochemistry 201 (2026) 106766 

10 



controlled by the Osmaniye segment of the EAFZ, which is a large-scale 
continental transform fault and constitutes the plate boundary between 
Arabian-African plates to the south and Anatolian Microplate to the 
north (Okay and Tüysüz, 1999). This deep-seated fault has also been 
suggested by many studies as the pathway for the extensive 
mantle-sourced young basaltic volcanism of the area (Polat et al., 1997; 
Yurtmen et al., 2000; Nikogosian et al., 2018). The same source justifies 
also the high proportion (>70%) of mantle contribution to the He 
measured in the gases released in the study area released through 
structures related to EAFZ.

Such a strong contribution of mantle-derived He is likely also fav
oured by the extensional regime of the area which brought to a sub
stantial thinning of the crust. Previous studies (Vanacore et al., 2013; 
Bilim et al., 2016) indicate for the Osmaniye area a depth of the Moho at 
less than 30 km with the crust further thinning in the SW direction along 
the EAFZ. Simão et al. (2016) attributed extensional deformation and 
crustal thinning of the south-central part of Türkiye to its 
counter-clockwise rotation. This resulted in the upwelling of warmer 
upper mantle observed in tomographic studies (Simão et al., 2016). Such 
upwelling may explain the typical MORB-like He isotope imprint found 
by Italiano et al. (2017) in the fluid inclusions of olivine and pyroxenes 
of the recent basaltic rocks of the area and thinning of the crust justifies 
the lowest crustal contamination found in the fluids collected here with 
respect to those of the surrounding areas.

Such geodynamic regime (extension and crustal thinning) may 
favour also the degassing of geogenic CO2 with mantle or deep crustal 
origin. While area A represent a very strong degassing hotspot along the 
Osmaniye fault evidencing CO2 fluxes as high as 57,200 g m− 2 d− 1 and 
specific outputs of about 1500 t km− 2 d− 1, other zones in the region may 
be also subject to geogenic degassing. Indeed, in the nearby Amik basin, 
a similar tectonic regime creates conditions favourable to CO2 degassing 
(Yüce et al., 2017, 2026).

On the contrary, the structure of the shallowest part of the crust may 
be the reason why geogenic CO2 degassing for area B is not measurable 
and for area C, though not measured, is highly improbable. For both 
areas the presence of ophiolitic rocks is probably the cause of removal of 
CO2 from ascending fluids through chemical reactions as specified in the 
previous paragraph, but the presence of impermeable sediments or self- 
sealing processes within the fault zone cannot be ruled out. The con
trasting degassing behaviour observed can be largely explained by dif
ferences in the mechanical and lithological characteristics of the shallow 
stratigraphic units, which exert a first-order control on permeability 
structure and gas transport. In areas dominated by rigid–brittle lithol
ogies, such as Mesozoic to Early Tertiary carbonates, ophiolitic units of 
the Kızıldağ complex, and locally fractured Quaternary basalts, defor
mation is preferentially accommodated by brittle faulting and frac
turing. This favours the development of interconnected fracture 
networks and enhances vertical permeability, facilitating the upward 
migration of deep-derived gases, particularly along active faults and 
their intersections. In contrast, sectors characterized by mechanically 
weaker, plastic or low-permeability units, including marl- and shale-rich 
sequences, the Andırın mélange, and fine-grained Pliocene–Quaternary 
basin-fill deposits, tend to inhibit focused gas ascent. In such settings, 
higher sealing capacity and more distributed deformation limit gas 
transport, resulting in subdued or negligible surface degassing. These 
lithological and mechanical contrasts provide a coherent framework for 
interpreting the observed spatial variability in degassing intensity across 
the study area.

Finally, with the presently available data it is not possible to assess 
the presence of an active hydrothermal system in the study area. The 
only clues are the strong alteration of rocks and soils in the zones of 
highest CO2 flux from the soil and the composition of the collected gases 
in which hydrothermal species have been measured (H2 and CH4) or are 
presumed (H2S). Such deep alteration could be due to oxidation of H2S 
within the shallow part of the soil producing strongly reactive sulfuric 
acid (H2SO4), justifying the presence of sulfur and sulfate incrustations 

and efflorescences (see pictures in supplementary material). The pres
ence in the area of an anomalous geothermal gradient (up to 80 ◦C/km - 
Bilim et al., 2017) may sustain small hydrothermal systems due to the 
deep circulation of meteoric water within the active tectonic structures 
of the area. The same tectonic structures have sometimes acted as 
preferential pathway for magmas as testified by the widespread outcrops 
of recent mafic volcanic rocks in the area (Italiano et al., 2017; Niko
gosian et al., 2018). A basaltic dike that did not reach the surface may 
act as the heat source of a small scale, short living hydrothermal system.

Of course, alternative origins for the presence of the “hydrothermal” 
gases are, with the present data, equally probable. Hydrogen and CH4 
may be produced by alteration processes within the ophiolite sequence 
and the strong soil alteration may be due to H2SO4 deriving from 
oxidation of sulfides that can be found within the sediments instead of 
H2S. The presence of a hydrothermal system below area A remains 
therefore an unconfirmed hypothesis.

6. Conclusions

The three investigated areas along the active segment of the EAFZ, 
despite being close to each other, show strongly contrasting degassing 
behaviours. The differences can be recognised both in terms of intensive 
(chemical and isotope composition of the gases) and extensive (CO2 
output) characteristics of the emitted fluids. Gas chemistry shows CO2- 
dominated, N2-dominated and CH4-dominated compositions for areas A, 
B and C respectively. Isotope composition of He and C point to a strong 
mantle contribution (70 % of MORB-type mantle) and a deep geogenic 
CO2 origin (δ13C–CO2 ~ 0‰) for area A, a shallow organic origin of CO2 
(δ13C–CO2 ~ − 22‰) for area B and a likely abiotic origin of CH4 
(δ13C–CH4 ~ − 8‰) and a significant mantle contribution for He (40 % 
of MORB-type mantle) for area C. Moreover, area A is the site of an 
intense geogenic degassing with CO2 soil fluxes sometimes exceeding 
104 g m− 2 d− 1 totalling a yearly release of about 20,000 t of deep geo
genic CO2, while area B show almost exclusively low CO2 soil fluxes (0.4 
- 57 g m− 2 d− 1) typical of shallow biologic activity within the soil and a 
negligible output of organic CO2. No CO2 soil flux measurements were 
made in area C, but the very low flux of bubbling gases, almost devoid of 
CO2, makes a significant CO2 output in this area very unlikely.

These big differences in degassing behaviour of the three areas may 
be attributed to many causes mainly connected to the geology of the 
shallowest part of the stratigraphic sequence. Fluids interacting with 
different lithologies may consume and/or produce certain gas species. 
The presence of rigid and brittle lithologies or intersections of tectonic 
structures may increase the permeability to deep derived gases allowing 
higher gas emissions at the surface in areas subject to tectonic stress. On 
the contrary, plastic and impermeable lithologies can hinder an easy 
ascent of gases almost reducing to zero their release to the atmosphere.

Finally, it should be underscored that the Osmaniye segment of the 
EAFZ was not involved in the destructive earthquakes of February 2023. 
The consequent stress release from these earthquakes may have highly 
increased the probability of the Osmaniye area to be site of intense 
seismic activity in the next years. Therefore, it would be essential to 
study possible precursory signal in the fluids emitted along this active 
structure. In particular, area A would be an important site for 
geochemical (H2, CO2, 222Rn, CO2-flux) permanently monitoring sta
tions and discrete gas sampling. Parameters that should be measured at 
hourly (or at least daily) basis are H2 and CO2 concentrations and 222Rn 
activity at 50 cm depth in the soil and CO2-flux at the soil surface. 
Meteorological parameters should be contemporaneously acquired to 
filter possible interferences. Periodic (monthly – half-yearly) collection 
of gas samples for their chemical and isotope analysis in the laboratory 
should also be implemented including the bubbling gases of area C.
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Kahramanmaraş, Turkey, M w 7.8-7.7 earthquake doublet. Science 381 (6661), 
985–990.

Karabacak, V., 2007. Quaternary Activity of the Northern Dead Sea Fault Zone. PhD 
thesis. Eskisehir Osmangazi University, Natural and Applied Sciences Institute [in 
Turkish with English abstract]. 

Karabacak, V., Akyüz, H.S., Kıyak, N.G., Altunel, E., Meghraoui, M., Yönlü, Ö., 2012. The 
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