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ARTICLE INFO ABSTRACT
Keywords: Degassing of deep-seated fluids is a key process occurring in orogenic systems, yet its sources and controlling
Carpathians mechanisms remain poorly constrained. The Carpathians represent a major degassing province in Europe, where

Fluid-geochemistry
Noble gases
CO,

CO,, emissions are concentrated in the Neogene-Quaternary volcanic arc and carbonate-rich flysch nappes along
tectonized suture zones (Magura, Pieniny and Ceahlau-Severin suture zone), while CH4 of mostly thermogenic
Magma degassing origin dominates in the Outer Flysch belt. We present the first regional geochemical dataset and map of CO, and
Metamorphic reactions CH4 emissions in the Western and Eastern Carpathians, integrating chemical and isotopic analyses with litho-
Orogenic degassing logical and structural constraints.

Helium isotopes reveal variable mantle-crustal mixing: elevated R/R, values (>3) near long-dormant volcanic
centres, especially Ciomadul, reflect persistent deep magmatic reservoirs with 60-70% mantle/magmatic He
input, whereas radiogenic “He signatures dominate non-volcanic flysch and metamorphic regions, producing low
R/R, values (~0.02). CO acts as the primary carrier of mantle He, but metamorphic devolatilization of marls
and carbonates at 5-20 km depth provides the principal crustal CO source, consistent with “orogenic CO2
degassing” described in other collisional belts. Degassing sites cluster along nappe boundaries and fault zones,
where enhanced permeability enables rapid volatile ascent.

Carbon isotopes and CO,/°He ratios confirm heterogeneous carbon sources of the CO, gases emitted at the
surface, with mantle and crustal inputs at different proportions. In general, the biogenic CO5 contributions are
negligible, with the majority of samples plotting along a mantle-limestone mixing line, indicating significant
crustal-derived CO2 up to 80-95% for non-volcanic areas, and 40-70% for volcanic areas. The carbon isotopes
and CO,/°He ratios are variably modified by groundwater interaction (dissolution and precipitation processes).
Mantle-derived He flux averages are 1.59 x 102 g m™? s! for Ciomadul volcano, 8.64 x 10* g m? s! for the
Eastern Carpathians volcanic area and 3.46 x 10"'* g m™ s! for the Eastern Carpathians non-volcanic area. COy
fluxes show average values of 1.4 x 10 g km™ y’! for the Ciomadul volcanic area, 1.18 x 10® g km2 y! for the
volcanic area of the Eastern Carpathians and 5.1 x 107 g km2 y! for the non-volcanic area of the Eastern
Carpathians. Mantle-derived He fluxes coupled with CO,/®He indicates a 4.66 Mt. year ! mantle CO, flux for the
Carpathians. These values match with other active orogens, highlighting the Carpathians as a key setting to
investigate volatile transport, crust-mantle interactions, and their contribution to the global carbon cycle.
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1. Introduction

There have been increasing efforts in the scientific community to
estimate natural carbon emissions in both volcanic and non-volcanic
regions, in order to better understand natural carbon fluxes into the
atmosphere and reconstruct the evolution of the Earth's atmosphere over
geological time (Tamburello et al., 2018; Werner et al., 2019; Fischer
and Aiuppa, 2020; Zhang et al., 2024). Key priorities include identifying
and mapping areas of volatile release, definition of sources as well as
conducting flux measurements of volatile compounds to quantify carbon
emissions from deep geological reservoirs. A state-of-art quantification
on the total carbon flux, estimated to be between 75 and 112 Mt. CO,
year! from the Earth's most active volcanoes is given by Werner et al.,
2019 and Fischer and Aiuppa, 2020, who calculated CO, fluxes by
compiling measurements from active volcanic plumes, diffuse-degassing
areas, hydrothermal systems and mid-ocean ridges, by using proxies
such as SO fluxes obtained through ground-based and satellite remote
sensing, combined with CO5/SO5 ratios.

Significant progress has also been made in understanding the factors
controlling gas emissions also in long-dormant volcanic areas (volcanoes
that last erupted more than 10 ka ago, e.g. Chiodini and Frondini, 2001;
Caracausi et al., 2015; Cardellini et al., 2017; Kis et al., 2017) and
tectonically active regions (Tamburello et al., 2018; Zhang et al., 2024).
Results indicate that diffuse degassing from non-erupting or dormant
volcanic systems as well as from active tectonic areas can produce COy
emissions comparable to those released from actively erupting vol-
canoes. A well-known example is the Campi Flegrei Solfatara hydro-
thermal system, which, despite the absence of ongoing eruptions, emits
up to 3000 t day ! of COs, a flux similar to that of persistently degassing
active volcanoes (Cardellini et al., 2017). Caracausi et al. (2015) further
demonstrated a relationship between volcanic degassing and the time
elapsed since the last eruption, indicating that deep magmatic degassing
can persist for long periods after eruptive activity has ceased. Chiodini
et al. (2004) highlighted that globally significant CO; are dissolved into
and released by regional aquifer systems, emphasizing the importance of
non-eruptive pathways of degassing.

Recent studies also indicate that carbon outflux from continental
reworking, e.g. metamorphic decarbonation reactions in the Himalayas
(Becker et al., 2008; Zhang et al., 2017b, 2024) and continental rifting,
e.g. the Gulu-Yadong rift in the Lhasa terrane, South Tibet (Zhang et al.,
2017a) or the East African rift system (Lee et al., 2016), and Main
Ethiopian Rift (Hunt et al., 2017) could be surprisingly comparable with
volcanic carbon outflux. Degassing in tectonically active areas reveals

fault systems that may correlate with regional seismicity. Mapping these
gas emissions, quantitatively evaluating fluxes and performing regular
monitoring provides insights into mantle-crust tectonics and can be
relevant to seismic hazard assessment (Brauer et al., 2008, 2018;
Chiodini et al., 2004, 2020; Caracausi et al., 2022).

The geochemistry of different gas species has been extensively
studied within major orogenic units worldwide, e.g. in the Apennines
(Parello et al., 2000; Chiodini et al., 2004), Alps (Marty et al., 1992),
Caucasus (Polyak et al., 2000, 2011), Himalayas (Becker et al., 2008;
Evans et al., 2008; Zhang et al., 2017b; Klemperer et al., 2013, 2022)
Andes-Cordilleras (Barry et al., 2022) These studies reveal multiple
processes contributing to the formation/genesis of fluids including both
mantle and crustal sources, e.g. mantle-derived degassing transferred
into the crust via active and fossil magmatic systems, prograde meta-
morphic processes, especially decarbonation of carbonate-bearing
rocks, dehydration of hydrous minerals; pyrolysis of organic matter
and biogenic fluid addition.

The Carpathians in eastern-central Europe, an arcuate-shaped
mountain range spanning approximately ~1300-km (Fig. 1), represent
one of the longest and largest continuous orogenic systems of Europe.
The Carpathians are divided into Western, Eastern and Southern Car-
pathians based on their geographical position. They enclose the Pan-
nonian and Transylvanian Basins and extend across Slovakia, Poland,
Ukraine and Romania (Golonka et al., 2020). Despite being absent from
the global degassing surveys (Kerrick, 2001; Morner and Etiope, 2002;
Zhang et al., 2024), this orogenic belt is characterized by intense fluid
emissions of different chemical compositions (Cornides and Kecskés,
1987; Lesniak, 1998; Vaselli et al., 2002; Kotarba and Nagao, 2008;
Polyak et al., 2018; Kis et al., 2019). In the volcanic and tectonically
active regions of the Romanian sector of the Eastern Carpathians,
magmatic/mantle-derived degassing is considered a major source of
deep fluids, where volcanic systems release significant amounts of CO4
and He from magmatic reservoirs, with *He/*He ratios reaching up to
4.5 R/R, (Vaselli et al., 2002; Kis et al., 2019). Deep CO3 and H30 em-
anations in the Southeastern part of the Carpathians were also linked to
lithospheric-scale deformations and mantle processes, e.g. astheno-
spheric upwelling beneath the Vrancea slab (Lange et al., 2023). In the
Ukrainian sector of the Eastern Carpathians, He isotope compositions
further reflect the regional geodynamic setting, with higher *He/*He
ratios observed in areas of crustal thinning and elevated heat flow
(Polyak et al., 2018). A minor mantle-derived He flux is also sustained in
the Polish sector of the Western Carpathians, despite the presence of a
thick continental lithosphere (Lesniak, 1998). Regarding the origin of
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CO,, several studies (Lesniak, 1998; Kotarba and Nagao, 2008; Polyak
et al., 2018) consistently indicate that it is predominantly derived from
crustal sources. A major crustal source of CO5 is decarbonation of car-
bonate rocks. Secondary processes such as dissolution and mixing can
alter the original isotopic signature of CO, as it migrates toward the
surface.

We investigated the geochemical features of the free gas emissions of
the Carpathian orogenic system, with emphasis on the Western and
Eastern segments. Our objective is to constrain the origin and sources of
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assessment of gas geochemistry across the Carpathian orogenic system,
integrating new measurements with an expanded regional dataset to
overcome the limitations of earlier studies, which addressed the gas
sources and geochemistry only locally. In fact, given the geological
continuity of the Carpathian arc and the similarities in the gas compo-
sition and tectonic context, a broader regional perspective was required
to evaluate regional scenario of deep CO, degassing. Our study reveals
that the Carpathians are within the global context of actively degassing
orogens, highlighting its significance as a global degassing site.

fluids in the frame of the regional geotectonic setting, to identify po-
tential geochemical processes occurring at depth and to constrain fluxes
of deep gases. Our work represents the first comprehensive, orogen-scale
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Fig. 1. Tectonic (A) and geologic (B) map of the Western and Eastern Carpathians with selected images of gas manifestations (Kis B.M. personal photography). Maps
modified after (Giusca et al., 1967; Raileanu et al., 1967, 1968; Saulea et al., 1967, 1968; Ianovici and Radulescu, 1968; Murgeanu et al., 1968, 1970; Patrulius et al.,
1968; Csontos and Voros, 2004; Horvath et al., 2006; Marks et al., 2006; Schmid et al., 2020) Geochemical data on gas emissions, for the Polish segment: Lesniak
et al., 1997; Kotarba and Nagao, 2008; Palcsu et al., 2017, for the Slovakian segment: Michalko and Bakova-Personal Communication, for the Ukrainian segment:
Polyak et al., 2018; Pavlyuk et al., 2019a, 2019b, for Romanian segment: This Work, Mants, 1974; Péter and Makfalvi, 1977; Althaus et al., 2000; Vaselli et al., 2002;
Baciu et al., 2007, 2017; Frunzeti, 2013; Forizs and Makfalvi, 2014; Gyila et al., 2017; Italiano et al., 2017, Kis et al., 2019, 2022; Lange et al., 2023; Szalay and Kis,
2023. Symbols: red cross - This work Ciomadul; yellow cross - This work, Romania volcanic CO; Light purple cross - This work, Romania non-volcanic, CO4
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2. Geotectonic background

The Carpathian-Pannonian region is part of the Mediterranean
orogenic system characterized by retreating subduction zones and back-
arc basins (Horvath, 1993; Horvath et al., 2006). The Carpathian orogen
was formed during the Cretaceous-Miocene through the progressive
closure of several Alpine Tethys oceanic domains, including the
Ceahlau-Severin, Pieniny, and Magura basins, followed by Miocene slab
rollback and back-arc extension associated with the eastward migration
of subduction, extrusion and rotation of the ALCAPA (=Alpine-Carpa-
thian-Pannonian) and Tisza-Dacia microplates (Csontos and Voros,
2004; Horvath et al., 2006, 2015; Schmid et al., 2020). Slab roll-back
and trench retreat induced major back-arc extension and the forma-
tion of the Pannonian Basin (Royden et al., 1983; Ratschbacher et al.,
1991a, 1991b; Csontos et al., 1992; Tari et al., 1992; Horvath, 1993).
Progressive consumption of the downwelling oceanic lithosphere
culminated in continent-continent collision at ~12 Ma between the
ALCAPA-Tisza-Dacia system and the European Platform and its prom-
ontories at the Eastern Carpathians. The subduction and collision events
are recorded by large-scale shortening and nappe stacking along the
arcuate Carpathian flysch nappe system (Sandulescu, 1984; Matenco
and Bertotti, 2000; Csontos and Voros, 2004; Matenco et al., 2010;
Oszczypko et al., 2007, 2018; Schmid et al., 2020). Active geodynamic
situation still exists at the southeast Carpathians, where a descending
steep, near-vertical slab beneath the Vrancea region generate intense
intermediate-depth seismicity (60-180 km, Mw up to ~7; Wenzel et al.,
1999; Ismail-Zadeh et al., 2012; Wortel and Spakman, 2000; Radulian
et al., 2023).

The Pannonian Basin is underlain by thin lithosphere and crust (<60
km and <25 km, respectively; Horvath et al., 2006; Kalmar et al., 2023),
whereas the surrounding Carpathian orogen is characterized by a thick
lithosphere (>120 km), reaching maximum thickness beneath the
southern Eastern Carpathians and the Alps-Dinarides, with a steep
east-northeastward gradient of the lithosphere-asthenosphere bound-
ary from ~80 to ~200 km over short lateral distances (Dérerova et al.,
2006; Horvath et al., 2006, 2015). The thickness of the continental crust
beneath the Pieniny Klippen Belt and Polish Carpathians is 36-40 km
(Oszczypko, 2004; Golonka et al,, 2018), 40-45 km beneath the
Ukrainian Carpathians (Polyak et al., 2018), 32-42 km beneath the
Romanian segment of the Carpahians and reaches ~55 km beneath the
Vrancea seismogenic zone (Dérerova et al., 2006). Seismic activity
associated with fault systems has been recorded in the Western Carpa-
thians, with earthquake hypocentres located in the crust at depths of 4-
20 km where magnitudes are usually small (Hok et al.,, 2016). The
Eastern Carpathians exhibit a concentrated seismic strain in the Vrancea
area, characterized by earthquakes with hypocentres between 60 and
180 km, and magnitudes reaching even ~7 Mw (Wenzel et al., 1999;
Ismail-Zadeh et al., 2012; Radulian et al., 2023). This seismic activity is
closely linked to the presence of a steep, near-vertical slab in the Vrancea
region, which descends into the asthenosphere (Sperner et al., 2004).
Dehydration processes have been proposed as potential triggering
mechanisms for these earthquakes (Ismail-Zadeh et al., 2012; Ferrand
and Manea, 2021).

Heat flow in the Carpathians varies between the different tectonic
domains. In the Slovakian segment, values are between 50 and 60 mW
m?, increasing to 90-120 mW m? in the East Slovakian and Danube
basins and in the volcanic areas (Zeyen et al., 2002; Horvath et al.,
2015). The Polish Western Carpathians show comparable values of
50-70 mW m™ (Majorowicz et al., 2019). In the Ukrainian Eastern
Carpathians, heat flow is lowest on the East European Platform (30-35
mW m2), increases to 50-70 mW m™ in the flysch belt, and reaches
80-90 mW m? in the Transcarpathian Basin at the western margin of the
Neogene volcanic chain (Horvath et al., 2015; Majcin et al., 2016; Pol-
yak et al., 2018; Gordienko et al., 2019). Within the Carpathian orogen
and Neogene volcanic regions, heat flow generally ranges between 50
and 70 mW m and locally reaches 90-120 mW m2 (Horvath et al.,
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2015; Majcin et al., 2016; Gordienko et al., 2019). In Romania, Neogene
volcanic units show values of 70-80 mW m?, with a maximum of 131
mW m™ recorded at Tusnad in the Ciomadul volcanic area (Demetrescu
and Andreescu, 1994).

The evolution of the Carpathian-Pannonian region was accompanied
by diverse magmatism over the last ~20 Myr (Szabo et al., 1992; Mason
et al., 1998; Harangi, 2001; Harangi et al., 2006; Seghedi et al., 2004;
Trua et al., 2006; Harangi and Lenkey, 2007; Lexa et al., 2010; Seghedi
and Downes, 2011; Harangi et al., 2026). Explosive silicic volcanism
during Pannonian Basin syn-rift extension (18.1-14.4 Ma) represents
Europe's most voluminous volcanic event during the Neogene to Qua-
ternary (Lukdcs et al., 2018). The subsequent 16-9 Ma widespread calc-
alkaline volcanism in the interior and the northern part of the Pannonian
Basin has been regarded as the response of lithospheric thinning rather
than the ongoing subduction (Harangi et al., 2001, 2007; Konecny et al.,
2002; Harangi and Lenkey, 2007), while the 11-0.1 Ma alkaline basalt
volcanic fields were formed due to asthenospheric mantle flow beneath
the anomalously thinned basin area (Harangi et al., 2015a). Contem-
poraneously with the basalt volcanism, calc-alkaline to adakitic volcanic
activity occurred along the Eastern Carpathians forming the ~160 km
long Calimani-Gurghiu-Harghita (CGH) volcanic chain (Szakacs and
Seghedi, 1995) parallel with the East Carpathian orogen. These erup-
tions postdated the active subduction and therefore, this volcanism is
regarded as post-collisional (Seghedi et al., 2011, 2019, 2023). The
latest eruptions (160-30 ka; Molnar et al., 2019) built the Ciomadul
volcanic complex (Moriya et al., 1995; Moriya et al., 1996; Harangi
et al., 2015a; Szakacs et al., 2015; Lukacs et al., 2021; Karatson et al.,
2022) in the southern Harghita, close to the Vrancea seismogenic zone.
Although last eruption occurred ~30 ka, zircon geochronology,
geophysical and petrological data and intense COy degassing indicate
the persistence of a trans-crustal magma reservoirs beneath the volcano
(Popa et al.,, 2012; Harangi et al., 2015b; Kis et al., 2017, 2019;
Laumonier et al., 2019; Lukacs et al., 2021; Cserép et al., 2023).

Widespread CO,, and CH,4 emissions have been documented along
the Western and Eastern Carpathian range and adjacent regions. The
CO; emissions primarily appear as CO5-rich mineral water springs/wells
(locally referred to as burkut, borviz, cevice) as well as COo-rich dry
emissions named mofettes (Ciezkowski et al., 2010; Michalko, 2016; Kis
et al., 2020).

An expanded and more detailed version of the geological and
petrological information on the Carpathians is provided in the Supple-
mentary Material.

3. Gas geochemistry

In the Romanian segment of the Carpathians, a total of 158 sites were
investigated (Fig. 1) of which in situ compositional measurements using
Multi-GAS device were conducted at 143 locations. These sites include
dry gas emissions (mofettes), bubbling gases, drillings and mineral
water springs. The sampling and analysis methods are described in the
Supplementary material and in the data article Kis et al., 2026, while the
data are available directly accessing the repository, Kis et al., 2025
https://ecl.earthchem.org/view.php?id=4173

To evaluate gas compositions and geochemistry across the Eastern
and Western Carpathian range, we integrated our dataset with available
data from previous studies conducted by Lesniak et al., 1997; Lesniak,
1998; Kotarba and Nagao, 2008; Palcsu et al., 2017 in the Polish
segment; Polyak et al., 2018; Pavlyuk et al., 2019a, 2019b in the
Ukrainian segment; Mants, 1974; Péter and Makfalvi, 1977; Filipescu
and Huma, 1979; Althaus et al., 2000; Vaselli et al., 2002; Baciu et al.,
2007, 2017; Etiope et al., 2009 Forizs and Makfalvi, 2014; Gyila et al.,
2017; Italiano et al., 2017; Kis et al., 2019, 2022; Lange et al., 2023;
Szalay and Kis, 2023 in the Romanian segment and Michalko and
Bakova-Personal Communication for the Slovakian segment.

The dataset, which integrates the newly acquired data with the large
dataset from existing literature, constitutes a comprehensive database of
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gas emissions across the Carpathians, covering a total of 749 different
sites. The maximum, minimum and mean compositional and isotopic
values (613CCO2 of CO, and 3He/*He ratios and *He/?*°Ne) for each re-
gion, together with their histograms is available in Table 1, Fig. 1 in the
Supplementary material).

The investigated sites were categorised based on geographical,
geological locations as well as their dominant gas species:

¢ Based on their geological locations, we can differentiate sites that are
1. volcanic: located right in the vicinity or within a maximum of 10
km distance from volcanic centres. Ciomadul volcano is identified as
a subgroup, being the youngest volcano in the Carpathians 2. non-
—volcanic: gas emissions sourced from non-volcanic geological units,
such as the flysch sequences or metamorphic units.

Based on their dominant gas species (concentration exceeding 50%),
we distinguish between: COz-dominant gases and CHj4-dominant
volatiles. Np-dominated gases appear rarely and were considered
part of the CO, or CH4 — group respectively, based on the second
most abundant component.

Based on their geographical locations, sites are grouped according to
their origin within the Slovakian, Ukrainian, Polish and Romanian
segments of the Carpathians.

3.1. Chemical compositions of the samples

The Carpathian gases are dominated by CO and CHy, with Ny being
less frequently observed (Fig. 2). The Western and Eastern Carpathians
exhibit similarities in the chemical composition of the gas emissions.
Throughout the Carpathian range, CO,, and CH4 reach concentration
values exceeding 90% in free gases (Kis et al., 2025-EarthChem Re-
pository data-https://ecl.earthchem.org/view.php?id=4173, Figs. 1
and 2, Table 1-Supplementary Material, Kis et al., 2026), in both vol-
canic and non-volcanic (sedimentary and metamorphic) geological
environments.

In volcanic regions, gas samples are predominantly COy-rich, with
concentrations reaching as high as 100%. These samples typically plot
along the CO2/10-N2 mixing line, indicating varying contributions from
Na. The presence of N is assumed to be atmospheric, introduced in the
feeding system of manifestations through fracture-permeability and in-
teractions with the shallow hydrogeological circuit (Kis et al., 2020). Ny
in deep reservoirs can also be released from organically bound nitrogen
(Palcsu et al., 2014) Some volcanic sites exhibit minor amounts of CHg,
with concentrations of up to 0.01% in the Ukrainian sector and as high
as 7.65% in Romania. Elevated CH4 concentrations are found in the
Ciomadul volcanic system, which aligns with similar observations in
other volcanic and hydrothermal regions in the Apennines, where high
CH4 concentrations arise from various geochemical processes, e.g. py-
rolysis of organic-matter-bearing sediments that interact with the
ascending magmatic fluids; reduction of CO2 or CO under high tem-
peratures (>300-350 °C) or CO5 and Hj synthesis at high temperatures
(>200 °C) (Tassi et al., 2012a, 2012b).

The non-volcanic areas reveal a more complex and heterogeneous
gas composition. Pure CO5 (100%) and pure CH4 (100%) gases can be
detected throughout the Carpathians, alongside mixtures of CO,, CHy
and Nj. In COz-dominanted regions, maximum CHy4 concentrations vary
between 4.1 and 33.29%, while maximum CO; concentrations in CHy-
dominated sites range between 37.7 and 42.9%. The gas samples
frequently fall along mixing lines between CO2/10 — N3, CO5 — CH4 and
also Ny — CH4 (Fig. 2).

Among the other components Ny reaches values similar to the at-
mosphere (up to 78%), or even higher quantities, up to 96%, possibly
suggesting the existence of deep Nj sources. A detailed investigation of
the origin of the N is beyond the aims of this study. O, concentration is
generally low or absent, with the highest concentrations up to 15%,
observed in the Ukrainian segment of the Carpathians. Minor
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components like H,S reach concentrations up to 560 ppm at Ciomadul
volcano, Romanian segment of the Carpathians. He has generally con-
centrations, between 1.44 and 0.01%.

3.2. Isotopic composition of noble gases

The inert nature of helium makes it a powerful tool for differentiating
between mantle-derived and crustal-derived volatiles. While 3He is
mainly regarded as primordial, having been entrapped into the Earth's
mantle during its accretion, radiogenic helium (*He) is the dominant
form of helium found in stable continental areas, produced by the decay
of crustal U and Th in the crust (Marty and Tolstikhin, 1998; Sano,
2018). The 3He/*He ratio, expressed as R/R,, varies significantly across
gas emissions from volcanic, non-volcanic COp-dominated and non-
—volcanic CH4-dominated sites in the Carpathians (Fig. 3 A, B, C, E, F).
Overall, the distribution of R/R,, ranges between 0.01 and 4.48 indi-
cating a complex origin of fluids in the region, deriving from the mantle
and crustal sources.

Volcanic sites exhibit elevated R/R, values. For instance, the
Ukrainian volcanic locations have a maximum of 2.27 R, (Polyak et al.,
2018), while sites within the youngest volcano, Ciomadul, have the
highest value of 4.48 R, (Vaselli et al., 2002). At other Romanian vol-
canic sites in the Eastern Carpathians, the maximum measured value is
4.27 R, (Vaselli et al., 2002). In contrast, non—volcanic COo-dominated
sites present generally lower R/R, values compared to volcanic sites (e.
g. in the Polish sector, the maximum R/R, is 0.97; in the Ukrainian
sector the maximum is 1.12, and in the Romanian sector the maximum is
1.73 R/R,). Minimum values reach the crustal end member of 0.02 R, at
COq-rich samples in the Carpathians.

The non-volcanic CH4~dominated sites display the lowest values of
R/R, in the region, with a maximum of 1.01 R, in the Romanian sector
and a minimum value of 0.01 R; in all the regions (Poland, Ukraine,
Romania). The measured “He/?*°Ne ratios across all investigated sites
range from 0.12 to 10,000, suggesting atmospheric contamination at
some sites. This contamination may result from gas transport, through
shallow hydrogeological circuits, rapid gas exchange at the gas/water
interface during low fluxes in bubbling pools, or contamination upon
sampling. All the values with “He/*°Ne < 0.318 (the *He/*°Ne ratio of
the atmosphere, Sano and Wakita, 1985) were excluded from
geochemical interpretations, and for a more rigorous analysis, only
“He/®°Ne values greater than 1 were considered on the computed
geological-geochemical maps and in the discussion.

The mantle end-member values in the Carpathian region were con-
strained from fluid inclusions in olivine, orthopyroxene and clinopyr-
oxene found in ultramafic xenoliths from the monogenetic basaltic
volcanoes of the Persani, with R/R, values reported between 6.5 and 7.3
(Althaus et al., 1998), 5.94 to 5.96 (Kis et al., 2019), and 5.8 (Faccini
et al., 2020). Additionally, shoshonites from the Malnas volcanic dome
showed R/R, values ranging from 3 to 3.8 (Molnar et al., 2021). These
measurements are lower than the mean values for the European Sub-
continental Lithospheric Mantle (SCLM), which is 6.1 (Gautheron and
Moreira, 2002).

3.3. Isotopic composition of CO2 ( 13 Cco2)

The 5'3Cco; values range between very light values of —27.2%. to
heavier compositions of —0.05%o0 (V-PDB) (Figs. 2 and 3 Supplementary
material). This broad variation indicates several potential sources for
CO., including mantle-derived carbon, marine carbonates and biogenic
processes, and their extensive mixing. Furthermore, secondary processes
like dissolution into groundwater, exsolution, and precipitation re-
actions can also influence the final isotopic signature of the CO; (Hoefs,
2018). In volcanic regions, the §'3Cgoy values mostly fall within a nar-
row range of —4.57 to —3.15%o (V-PDB) and reach maximum values be-
tween -1.58 and -0.05%. (V-PDB) (Figs. 2 and 3 Supplementary
material). Exceptions are given by some particular sites that exhibit
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values as low as —17.2%o (V-PDB) suggesting contribution from shallow
biogenic sources. Non-volcanic COy-dominated sites exhibit similar
§'3Cco2 ranges, with minimum values of -9.11 and maximum of —0.05%o
(V-PDB).

In contrast, non-volcanic CH4~dominated sites are more homoge-
neous, with their minimum ranges from -27.2 to -13.9%o (V-PDB) and
maximum values falling between —20.8 and —2.1%o (V-PDB) (Figs. 2 and
3 Supplementary material).

4. Discussion

The Tethyan orogenic systems including the Pyrenees, the Alps, the
Caucasus and the Himalayas exhibit region-specific variations in CO5
emissions and He isotopes. Across these systems, He isotopic signatures
indicate crustal sources, with mantle-derived contributions occurring
only in specific tectonic and magmatic settings (Fig. 3D).

In the Pyrenees, the He isotopic ratios (R/R, between 0.03 and 0.37)
indicate a purely crustal source for volatiles with some minor contri-
bution from the mantle (~2%), associated with the thinning of the
continental crust, fossil magma injections at the depth, possibly associ-
ated with the Miocene magmatism event and hydrothermal fluid cir-
culation associated with the deep Tech fault, that facilitate the
upwelling of mantle derived He components (Milesi et al., 2025)
(Fig. 3D).

Similarly, the isotopic signature of helium in the Alps is also pre-
dominantly crustal, with the COs-dominated fluids derived from pro-
grade metamorphism under relatively low-temperature conditions of
calcareous and pelitic rocks (Wexsteen et al., 1988; Marty et al., 1992;
Bissig et al., 2006). The R/R, values range from very low 0.005 to 0.02,
typically produced within the crust. Mantle-derived He is identified in
regions where the crust has been thinned due to extension and magmatic
activity, such as the Rhone Graben (France), characterized by crustal
thinning, where R/R, values reach 2.53 and at the boundaries with the
Pannonian Basin, associated with extension with R/R; values reaching
5.89 at Bad Radkersburg (Austria) (Marty et al., 1992; Brauer et al.,
2016) (Fig. 3D).

In the Caucasus, a similar pattern is observed, He isotope ratios
suggest crustal origin, with mantle-derived helium (R/R, values that
have also “He/?°Ne pair ratios are up to 3.21) restricted to volcanic
regions, such as Mount Elbrus and Kazbek, reflecting mantle-derived He
from magmatic activity. The lateral variation of He isotopes is influ-
enced by the tectonic-magmatic zoning of the orogen. The enhanced
CO,/3He ratios in the region suggest solubility-controlled shallow pro-
cesses, coupled with contributions from a metamorphic CO,-rich, He-
free component (Kikvadze et al., 2010; Polyak et al., 2000; Polyak
et al., 2011) (Fig. 3D).

The collision zone of the Himalayas provides the most comprehen-
sive evidence of the importance of metamorphic reactions in CO, pro-
duction. Prograde metamorphism of different rocks (dolomitic and
calcareous rocks, calcareous pelites) and related decarbonation/devo-
latilization reactions in the Himalayas has been a significant source of
CO,, with paleoclimatic implications, as demonstrated by fluid-
geochemical and petrological evidence (Kerrick and Caldeira, 1993;
Evans et al., 2008; Pradhan and Sen, 2024). The localized mantle-
derived He (R/R, = 2.23) is associated with melts generated in the
hot, incipiently molten Tibetan mantle wedge and the Yarlung-Zangbo
Suture area (Klemperer et al., 2022), while other sites exhibit purely
crustal-derived volatiles (Groppo et al., 2017; Rolfo et al., 2017; Zhang
et al., 2017b; Klemperer et al., 2022; Liu et al., 2024) (Fig. 3D). While
the active collision zone of the Himalayas exhibit, besides metamorphic
volatiles, also mantle-derived fluids associated with active mantle
wedge processes, older orogenic systems within the Tethyan realm are
dominated by crustal volatiles, with mantle signatures associated either
with the presence of volcanoes and related magmatic systems.

The suite of geochemical processes documented across several
orogenic belts in the Tethyan realm, where CO, is released during
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present-day prograde metamorphism, associated with crustal He iso-
topic signatures, was denoted as “orogenic CO, degassing” or “degassing
derived from continental reworking” (Drivenes et al., 2016; Rolfo et al.,
2017; Groppo et al., 2022; Zhang et al., 2024), overwriting the canon
that the orogenic systems represent only sinks for CO,. Orogenic
degassing along with “volcanic degassing” and “tectonic degassing”,
constitutes a fundamental component of the Earth's atmospheric evo-
lution, emphasizing the need for advanced research to address the un-
resolved complexities of the global carbon cycle (Zhang et al., 2024).
The Carpathians exhibit similarities to other Tethyan orogenic sys-
tems, in both their geodynamic evolution and the geochemistry of their
volatile emissions. The newly collected and the existing gas data, sum-
marized here, enables a comprehensive synthesis of gas emissions across
the Western and Eastern Carpathians and provides the first regional map
of the distribution of the free CO, and CH4 degassing sites throughout
the entire area. These two gas species, CO2 and CHy, exhibit distinct
spatial distributions, likely reflecting variations in the lithological and
tectonic structures and evolution at local and regional scale (Fig. 1).

4.1. Geochemical zones of the gas emissions in the Carpathians

CO,-dominated emissions are predominantly concentrated within a
relatively narrow range in the inner part of the Carpathian arc (Fig. 1),
closely associated with volcanic systems and the neighbouring flysch
nappes (Airinei and Pricajan, 1975; Lesniak et al., 1997; Polyak et al.,
2018; Kis et al., 2020; Vaselli et al., 2002). In the Western Carpathians
(Slovakian segment), CO2 is prevalent near the Neogene volcanic units
and in the Inner Carpathian nappes (Michalko, 2016). In the Polish
sector, CO5 emissions occur in the southern part of Magura Nappe and
along its boundary with the Pieniny Klippen Belt, including areas such as
Wysowa, Tylicz, Krynica and Muszyna (Ciczkowski et al., 2010; Dusan
et al., 2010). In the Eastern Carpathians (Ukrainian segment), the CO4
emissions and related mineral waters originate from the Cretaceous and
the Paleogene sediments of the Skyba, Krosno, Rakhiv, Burkut, Magura,
and Dukla flysch nappes, as well as near the Marmarosh massif, the
Pieniny Klippen Belt and the Vihorlat-Gutin volcanic zone (Oszczypko,
2004; Oszczypko et al., 2015, 2018). Similarly, in the Romanian
segment, CO, degassing aligns with the Late Miocene to Quaternary
volcanic regions and the flysch units, particularly in the Cretaceous se-
quences of the Ceahlau, Teleajen and Macla nappes (Airinei and
Pricajan, 1975).

The suture areas such as the Pieniny Klippen Belt — Magura (West)
and Ceahlau-Severin (East), are critical areas for CO-degassing. These
extensively tectonized units are characterized by complex lithologies
comprising both siliciclastic and calcareous sequences (Schmid et al.,
2020), e.g. the Ceahlau-nappe is defined as being a “typical sandy-
calcareous flysch with turbiditic limestone interlayers” with limestone
fragments up to 60% (e.g the Sinaia beds; Stefanescu et al., 2007,
similarly, the Magura nappe is rich in carbonates (Gradzinski et al.,
2012). Together with the neighbouring nappes, they are characterized
by complex lithostratigraphic structure, comprising carbonates and
marls interbedded within siliciclastic sequences (Sandulescu, 1984;
Matenco and Bertotti, 2000; Slaczka et al., 2006; Stefanescu et al., 2007;
Melinte-Dobrinescu and Jipa, 2007; Necea et al., 2021).

Beneath the flysch nappes, the Danubian metamorphic basement is
also overlain by a carbonate-rich sedimentary sequence composed of
continental to shallow-lacustrine Permian clastics, Lower Triassic clastic
deposits, Middle to Upper Triassic carbonates, a Lower to Middle
Jurassic clastic succession, Middle Jurassic to Early Cretaceous car-
bonates, and, locally, fine-grained Late Cretaceous sediments (Schmid
et al., 2020; Krstekani¢ et al., 2022).

Distinct lithologies influences the gas distributions, for instance,
hydrocarbons, sourced from bituminous shales and trapped in the flysch
sandstones, dominate the marginal flysch nappes (Tarcau, Vrancea
nappes) but are absent in the suture areas (e.g. Pieniny Klippen Belt,
Ceahlau nappe). In contrast to COz, CH4 emissions are primarily
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associated with the nappe-stacks of the Outer Flysch belt, where CHy is
of thermogenic origin (the type of natural gas formed through the
thermal decomposition of organic matter, at high temperatures and
pressures within the Earth's crust, as defined by Schoell, 1983) as evi-
denced by various studies (Baciu et al., 2017; Kotarba et al., 2020;
Krézsek et al., 2023). Therefore, the geochemistry of CH4 systems falls
beyond the scope of the current study.

The proximity of young volcanic units and the simultaneous presence
of silicates and carbonates in the flysch sedimentary sequences provide
essential opportunities for reactions that can release fluids (Bucher and
Frey, 2002). These fluid-releasing processes within the Carpathian
orogen will be discussed in the next sections.

While extensive research has been conducted on the origin and
generation of hydrocarbons in the Western and Eastern Carpathians,
primarily due to their economic significance and exploration interests
(Pawlewicz, 2006, 2007; Kotarba and Nagao, 2008; Pavlyuk et al.,
2019a, 2019b), the origin, sources and geological/geochemical pro-
cesses responsible for CO5 generation remain still unclear. A variety of
geological/geochemical processes have been proposed to explain the
widespread CO,-degassing across the Carpathians. These include “post-
volcanic” phenomena associated with the Neogene to Quaternary vol-
canic chain (Airinei and Pricajan, 1975), thermal metamorphism of
carbonates (Vaselli et al., 2002), and metamorphic degassing of sedi-
mentary sequences (Oszczypko et al.,, 2018). To contribute to over-
coming uncertainties surrounding the origins of CO,, we conducted a
thorough investigation at a regional scale across the Western and
Eastern Carpathians, focusing on the chemical and isotopic composition
of gases including noble gases as conservative tracers and carbon iso-
topes. We also examined the lithostratigraphy and potential pressure-
temperature (P/T) conditions of the geological sequences capable of
generating carbonate fluids within the Carpathian range. Through this
integrated approach, we aim at improving our understanding of the
complex interplay of geological and geochemical factors contributing to
CO4 emissions in the region.

4.2. Mantle derived volatiles

The spatial distribution of noble gases (*He/*He expressed as R/R,,
where Ra is the helium isotopic signature in air, 1.384 x 10°%) along the
Carpathian arc (Figs. 1 and 3) reveals two distinct sources for volatiles:
mantle-derived and crustal-radiogenic, with variable mixing occurring
between the two. Following the approach of Sano and Wakita (1985) we
calculated the proportions of atmospheric, mantle/magmatic derived
and crustal-radiogenic He for each site. The end-members considered
were the atmosphere (R/R, = 1), the subcontinental lithospheric mantle
(SCLM; mean ratio R/R, = 6.1, Gautheron and Moreira, 2002), and the
crustal end-member (R/R, = 0.02, Sano and Marty, 1995).

Across the Carpathians, a coherent relationship is observed between
elevated heat flow and increasing mantle He proportions. Elevated R/R,
values (>2) occur predominantly within the Neogene to Quaternary
volcanic belts (Fig. 1; regional maps Figs. 4-7), which are also charac-
terized by relatively high conductive heat flow. In the Polish segment of
the Western Carpathians, low heat-flow (40-60 mW/mZ, Horvath et al.,
2006, 2015) coincides with crustal R/R, signatures, with mantle con-
tributions below 5%. This reflects a cold, thick lithosphere and fluids
dominated by radiogenic “He (Fig. 4). Toward the Slovakian segment,
heat flow rises to 70-100 mW/m?, particularly near the Neogene vol-
canic areas and at the border with the Pannonian Basin (Horvath et al.,
2006, 2015). R/R, values rise accordingly, with slightly higher mantle
inputs of 10-20%, consistent with the proximity of the hotter and thinner
lithosphere of the Pannonian Basin and/or the alkali basalt volcanism in
the past few hundred thousand years (Fig. 4). A similar pattern is
observed in the Ukrainian sector of the Eastern Carpathians. Here, high
heat-flow values (80-110 mW/mZ, Horvath et al., 2006, 2015) near the
Transcarpathian Basin correspond to localized increases in the mantle
He input, reaching 50% at the basin transition zone, as also documented
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by Polyak et al. (2018) (Fig. 5C). Northeastward, toward the flysch units,
both heat flow (~40 mW/mZ, Horvath et al., 2006, 2015) and mantle
input (<1%) decrease, indicating thickened lithosphere and dominantly
CHjy-bearing systems.

The most pronounced expression of the heat-flow and mantle input
relationship occur in the Romanian segment of the Eastern Carpathians.
The Ciomadul volcanic area exhibits high geothermal gradient
(Demetrescu and Andreescu, 1994), high regional heat flow, reaching
100 mW,/m? (Horvéth et al., 2006, 2015) and R/R, values peak at ~2.5-
4.5 (This work, Althaus et al., 2000; Vaselli et al., 2002, Kis et al., 2019).
The calculated mantle/magmatic He fractions exceed 60-70%, indi-
cating persistent magmatic input. Such high mantle contributions sug-
gest possible magma accumulation at the crust/mantle boundary zone
and ascent of CO along fracture zones (Fig. 7). Ciomadul represents the
only part of the Carpathians where ongoing magmatic degassing is the
dominant present-day process. Away from the Ciomadul volcanic area,
both heat flow (60-70 mW,/m?, toward the Transylvanian Basin; 40-50
mW/m?, toward the flysch belt and Carpathian molasse) and mantle/
magmatic He contributions decrease (<1%), returning to crustal domi-
nance (Figs. 6 and 7).

To contextualize the observations in the Carpathians, it is necessary
to consider the principal mechanisms for transporting primordial He to
the surface. The most effective mechanisms to transport primordial
helium and thermal energy to the Earth's surface include partial melting
and magma mobility (Torgersen, 1993; Sano and Marty, 1995; Marty
and Tolstikhin, 1998; Zhang et al., 2024). Due to its incompatible
geochemical behaviour, He is expected to be incorporated into the melt
that is formed during magma generation (Bianchi et al., 2010; Olson and
Sharp, 2022). Mantle-derived He outgassing therefore corresponds to
areas where magma is emplaced in the crust, leading occasionally to
volcanic activity (Zhang et al., 2024). This occurs in various tectonic
settings from oceanic and continental extensional regions and subduct-
ing zones. The mantle-derived He is commonly transported to the sur-
face by COy-rich fluids. CO; has low solubility in silicate melts (Marty
and Jambon, 1987; Hilton et al., 2002) and may enter the mantle
through recycling/remobilisation of crustal carbon (Whitley et al., 2019;
Stewart and Ague, 2020). COy release from a subducting slab is
controlled by processes such as the alteration of oceanic crust, meta-
morphic decarbonation, carbonate dissolution and slab-melting (Mason
et al., 2017; Arzilli et al., 2023). Carbon released from slab dehydration
enters the mantle wedge, form a diapir and is incorporated to the
generated magmas (Chen et al., 2021; Ducea et al., 2022). Exsolution of
CO4, from basaltic magma starts even in the upper mantle depth (Allison
et al., 2021). This can contribute to the fast ascent of basaltic magmas
and ultimately volcanic eruptions, but CO, gas can also escape from the
magma body and migrate to the surface along tectonic fracture zones.

Mantle He transport is, however, not restricted to volcanic arcs.
There are many examples of mantle-He transport even along strike-slip
tectonic regimes. Kennedy et al. (1997) observed indications of mantle
fluid influx along the San Andreas Fault, whereas Kulongoski et al., 2013
explained the elevated R/R, values with the continuous transport of
mantle He from incipient upper mantle melts through the San Andreas
Fault. Similarly, in the East Anatolian Fault Zone region, mantle-derived
fluids reach the surface through lithospheric discontinuities and related
increased vertical permeability of the fault zone. Although the East
Anatolian Fault Zone lacks volcanic activity, it is believed that magma
bodies may have intruded at the fault zone and they are facilitating the
release of mantle-derived fluids. This assumption is also supported by
the presence of geothermal anomalies and thermal waters (Italiano
etal., 2013). CO, emissions are reported in continental extensional areas
with no current volcanic activity, such as in the Rhine Graben, Germany
(Griesshaber et al., 1992) and in the Eger Rift area, Germany-Czech
Republic (Brauer et al., 2018). In these cases, increases in CO2 flux
and mantle He were observed associating to tectonic events. In both
cases, however, magma accumulation in the mantle-crust boundary
zone is assumed. CO, emissions were also observed in volcanologically
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inactive areas, such as in Sicily and Vulture Line in Southern Apennines
(Caracausi et al., 2013; Caracausi and Sulli, 2019), but, again, the COy
transport was thought to be related to deep magma accumulation/in-
trusions at depth. Mantle He isotopic ratios are also observed in modern
flat-slab subduction settings, e.g. Kii Peninsula in Japan or the Peruvian

12

flat slab in South America. In these specific tectonic settings, mantle-
derived He is thought to be transported to the surface by high-
temperature supercritical aqueous fluids derived from the underlying
flat slab. These transport processes are particularly effective in flat slab
subduction environments with shallow subduction angles (Gutscher
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in this figure legend, the reader is referred to the web version of this article.)

et al., 2000; Hiett et al., 2021; Matsumoto et al., 2003; Newell et al., or 3. deep fluid circulation in flat slab settings of continental collision
2015; Umeda et al., 2006). A similar situation has been described in the zones. Degassing processes along the Carpathians is evaluated therefore
suture zone of the Himalaya-Tibet collision, where a sharp He boundary within this broader framework.
separates the Himalayan domain dominated by crustal He from the Although there is no current volcanic activity and even Quaternary
Tibetian domain enriched in mantle fluids attributed to the melts in the volcanism was sporadic, there has been long-lasting volcanism (over 16
hot mantle wedge (Klemperer et al., 2022). Myr; Harangi et al., 2026; Pécskay et al., 2006, 2015) along the Car-
These examples demonstrate that mantle He transport may occur pathian orogenic belt. Volcanic activity seems to have been related to
through 1. active magmatism/volcanism, 2. remobilisation from subduction of oceanic lithosphere, but there are multiple observations
intruded magma bodies and enhanced circulation through deep faults, discussed in several papers (Konecny et al., 2002; Lexa et al., 2010;
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Seghedi et al., 2011, 2019; Harangi et al., 2026 and references therein)
suggesting a distinct origin. Magmas are considered to have been
generated by partial melting of lithospheric mantle metasomatized
previously by subduction-related fluids. In the Western segment, magma
generation was related to lithospheric extension (Harangi et al., 2007).
In the Eastern segment, volcanism was partly post-collisional when slab
detachment and hot asthenospheric mantle flow could cause partial
melting (Seghedi et al., 2011). In the Western Carpathians, the most
recent volcanic activity formed a monogenetic alkaline basalt volcanic
field by scattered eruptions from 8 Ma up to a few hundred thousand
years ago (Konecny et al., 1999). In the Eastern Carpathians, even
younger volcanism occurred in the southernmost Harghita, where
repeated eruptions built up the dacitic Ciomadul volcano from 160 ka to
30 ka (Harangi et al., 2010, 2015b; Szakacs et al., 2015; Molnar et al.,
2019). During this volcanism, only a portion of the accumulated magma
erupted, whereas much more remained in the crustal levels. Zircon
geochronology and thermal modelling suggest long, several 100's
thousands of years existence of magmas in the crust (Lukacs et al.,
2021). Geophysical studies indicate that magma could still reside in the
crust beneath Ciomadul (Popa et al., 2012; Harangi et al., 2015b). This is
also consistent with the high heat flow associated with high geothermal
gradient (Demetrescu and Andreescu, 1994).

CO, and CH4 emissions are widespread along the Carpathian
orogenic area and gas emissions show variable He isotopic signatures. As
we show, elevated R/R, values (>2) are observed only in areas where
volcanic activity occurred in the past and where there is still high heat-
flow. Similar situation is observed in the case of the Caucasus, where the
elevated R/Ra values are concentrated along the Mount Elbrus and
Kazbeh volcanic areas (R/R, values 3.21, Kikvadze et al., 2010; Polyak
et al., 2000, 2011). In the Carpathians, the Ciomadul volcano is char-
acterized by intense CO; gas emissions, in the form of bubbling pools,
bubbling peat bogs and low-temperature dry mofettes as well as CO»-
rich mineral water springs. The total CO, flux was estimated at mini-
mum 8000 t y!, comparable with dormant volcanic areas worldwide
(Kis et al., 2017). He isotopic composition of these gases (>2 R/Ra, the
highest R/R, values are 4.48 reported by Vaselli et al., 2002 and 3.09
reported by Althaus et al., 2000; Kis et al., 2019) suggests a significant
magmatic input, exceeding 60-70% presumably related to a degassing
magma body at the crust-mantle boundary zone (Fig. 7).

Similarly to the elevated He isotopic ratios, the 5!3Cqoz values show
SCLM mantle-like values (5'3Ccop — 3.5%o representative of the mantle
below the Carpathians; Brauer et al., 2016; Rizzo et al., 2018) between
—4.5 to —4.7%o V-PDB at Ciomadul (This Work; Vaselli et al., 2002; Kis
et al., 2019); away from volcanic areas, 613Cc02 values increase sys-
tematically to limestone-like values (6*3Cgo2 = 0; (Sano and Marty,
1995) of '3Cggy — 0.5-0.05 e.g. at Covasna (This work and Lange et al.,
2023).

During the prolonged periods of volcanism (eruption of Ciomadul-
type magmas commenced 950 kyr, whereas the main volcanic edifice
was developed for the last 160 kyr; Molnar et al., 2018, 2019), magma
bodies continuously degassed either during magma ascent or during
crystallization. Gases escaped from the magma body and migrated up-
wards or remained in the melt and were transferred to the surface during
eruptive phases. However, during quiescence periods, some volatiles
may have been trapped and accumulated at crustal levels and contam-
inated by crustal fluids (e.g., Christopher et al., 2015). Such magmatic
gas-traps may have been reactivated during faulting and associated
seismic events. The emitted CO5 gases and those trapped in clinopyr-
oxene crystals (Malnas dome; Molnar et al., 2021) exhibit lower R/R,
values (3.2-4.5) compared to those obtained from the ultramafic xeno-
liths in the alkali basalts of the Persani volcanic field (Althaus et al.,
1998; Kis et al., 2019; Faccini et al., 2020; Molnar et al., 2021). The
ultramafic xenoliths are characterized by 5.5-6.5 Ra, which is typical of
the subcontinental lithospheric mantle (SCLM). This discrepancy within
50 km distance can be explained by small-scale heterogeneity of the
lower lithosphere (Kis et al., 2019; Molnar et al., 2021). The Ciomadul

14

Earth-Science Reviews 279 (2026) 105528

primary magmas may have been derived from a lithospheric mantle
source metasomatized by subduction-related fluids (Bracco Gartner
et al., 2020) and therefore it is characterized by relatively low R/R, He
isotope values (Kis et al., 2019), similarly to the magmatic CO5 gases in
Central Italy (Martelli et al., 2004). Nevertheless, the CO, gases at the
Ciomadul volcanic area have elevated R/R, values, that exhibit a
marked decline with increasing distance from the volcano (Vaselli et al.,
2002; Kis et al., 2019). This corroborates the magmatic origin of the CO4
at Ciomadul, whereas He isotopes show predominantly crustal compo-
nent in the surroundings.

The volcanism of Ciomadul took place within the flysch belt, which
represents a thin-skinned fold-and-thrust zone of the accretionary prism.
Magma generation in such a tectonic setting could be attributed to the
final stage of slab detachment, when slab verticalization induced suction
in the overlying lithosphere and mantle flow around the retreating slab
(Chalot-Prat and Girbacea, 2000; Bracco Gartner et al., 2020; Ducea
et al., 2020; Seghedi et al., 2023; Harangi et al., 2026). Such post-
collisional volcanism characterized the entire Calimani-Gughiu-
Harghita chain (from 11 Ma; Pécskay et al., 2006) northwest from
Ciomadul. There are several CO, emission sites along these already
inactive volcanic areas, that show elevated R/R, values (Vaselli et al.,
2002) suggesting involvement of magmatic gas components. These may
have been derived from the magmatic gases trapped in various crustal
levels during the long-lasting volcanism and variably contaminated by
crustal fluids since that time. These trapped CO; gases with elevated R/
R, values are emitted at other parts of the Neogene to Quaternary vol-
canic belt. In the Polish segment of the Carpathians, CO; gases have R/
R, values up to 0.97 with He/Ne ratio of 5.8 (Lesniak et al., 1997), which
could be related to the Late Miocene intrusive magmatic bodies. The
trapped gases could be intermittently transported to the surface along
the deep-seated fault system of the Pieniny Klippen Belt. In central and
southern Slovakia, close to the Miocene andesitic volcanoes of the
Visegrad-Borzsony and Central Slovakian Volcanic Field (Krupivska-
Stiavni¢ka) the R/R, values of the CO, gases are up 1.62 (Bakova-
Michalko personal communication), whereas in Ukraine, near to the
Beregovo and Gutin volcanic units, R/R, values up to 2.27 have been
reported (Polyak et al., 2018).

In summary, the relatively high, mantle-like He transport in the
Carpathians is primarily related to Neogene to Quaternary volcanism.
The most marked area for mantle-He emission is the Ciomadul, the
youngest volcano of the Carpathian-Pannonian Region, where the most
recent eruption occurred 30 ka and there are signs for a still active
magma body in the continental crust. All other areas show lower R/R,
values, where crustal He has an increasing role. Nevertheless, the 1-2.5
R/R, values indicate still significant mantle origin of the gases. We argue
that considerable amount of magmatic CO4 gas was trapped in different
crustal level during past volcanism where they mixed with crustal gases.
Seismic activity can occasionally deliberate portions of gas, which
transport to the surface along tectonic lines. In the Outer flysch belt, CH4
becomes more common, and CO; gas shows dominant crustal origin
along these zones (Figs. 4-7).

4.3. Crustal-derived components

He isotopic composition indicates significant mixing between
mantle-derived and crustal sources, with R/R, values ranging from 0.01
to 1.73 R/R,. “He is produced by the radioactive decay of U and Th in the
rocks. It is termed as “radiogenic” or “crustal” helium, suggesting its
crustal origin, whereas *He is an unambiguously mantle-derived in
natural fluids (Sano, 2018). Hence, it results that the ratio between the
two isotopes is a useful tool to figure out the origin of He in natural
fluids, because the He isotopic signature in its possible source is well
distinguished (Air: 1 R,, Crust: <0.05 Ry, SCLM 6.1 + 0.9 R,, (Gautheron
and Moreira, 2002; Sano, 2018).

In the non-volcanic regions of the Carpathians, such as the flysch belt
and metamorphic sequences, the contribution of mantle-derived He is
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much lower or even absent in the gas emissions (Fig. 3). The leading
carrier gases for the radiogenic He is CO, and CH4 similar to mantle
derived He. In gas emissions dominated by CHg4, the He isotopic ratios
cluster within the radiogenic values, suggesting a pure crustal origin of
these gases throughout all sectors of the Carpathians. Exceptions arise in
specific areas from Polish and Romanian segments, such as Homorod
Brasov and Praid, where 7.5 and 20% respectively of mantle contribu-
tions are detected. In the CH4-hosted gas samples, He is predominantly
derived from radiogenic sources, with a minor admixture of mantle-
derived components.

Many CO»-rich samples across the Carpathians reveal a significant
crustal-derived He, reaching up to 98.9% at several sites (R/R, = 0.18,
in the Romanian segment, meaning 93% radiogenic input, R/R, = 0.028
in the Ukrainian segment, meaning 98.9% radiogenic input and R/R, =
0.35 in the Polish segment, meaning 92% radiogenic input) (Fig. 3),
indicating that CO; in the Carpathians is primarily crustal-derived,
resembling trends observed in other major orogenic systems, such as
the Alps, Caucasus or Himalayas (Kerrick and Caldeira, 1998; Polyak
et al., 2000, 2011; Becker et al., 2008; Evans et al., 2008; Kikvadze et al.,
2010; Groppo et al., 2017; Rolfo et al., 2017; Klemperer et al., 2022).

Collision orogenic (mountain building) systems are generally
considered complex geodynamic environments where the interplay of
magmatic and metamorphic processes, together with the tectonic forces
govern volatile emissions and significantly contribute to global carbon
cycling (Kerrick and Caldeira, 1998; Liu et al., 2024; Skelton, 2013;
Zhang et al., 2024). Research on the remobilisation of crustal carbon has
emphasised the role of active subduction zones, particularly those
associated with magmatism and volcanism, as key sites for the recycling
and release of carbon (Kelemen and Manning, 2015; Lee et al., 2016;
Mason et al., 2017; Chen et al., 2021; Ducea et al., 2022; Arzilli et al.,
2023; Liu et al., 2024).

However, CO, in the crust can be generated by a variety of
geochemical processes such as regional metamorphism (Kerrick and
Caldeira, 1998; Kerrick, 2001; Evans et al., 2008; Groppo et al., 2017;
Rolfo et al., 2017), contact metamorphism (Aarnes et al., 2010; Svensen
and Jamtveit, 2010), biogenic decay and even breakdown of kerogen
(Schoell, 1983; Clayton et al., 1990; Wycherley et al., 1999). These
studies have emphasised the critical importance of metamorphic pro-
cesses within collision orogenic environments in producing COa,
reshaping our understanding of volatile dynamics in orogenic systems,
by involving decarbonation reactions within carbonate (dolomitic,
magnesitic) rocks and carbonate-bearing pelitic sediments/marls under
conditions of prograde metamorphism (T > 150 °C, the limit between
diagenesis and metamorphism). For instance, the interaction of dolo-
mite with quartz at relatively low temperatures (T < 500 °C) can pro-
duce talc and calcite while releasing CO,. Metamorphism of the
protoliths proceeds with the increase of temperature and pressure con-
ditions to further decarbonation, devolatilization reactions releasing
CO5 and H30 (Bucher and Frey, 2002; Groppo et al., 2017; Groppo et al.,
2020; Tamang et al., 2024). These metamorphic reactions are now
recognised as a significant source of CO5 emissions in collision orogens
(Kerrick and Caldeira, 1999; Barry et al., 2013; Skelton, 2013; Groppo
et al., 2017, 2020; Rolfo et al., 2017; Tamang et al., 2024).

It has long been believed that collision orogenic areas represent
mainly a sink for COy due to chemical weathering reactions that
consume CO5 and contribute to its drawdown from the atmosphere, also
having a strong paleoclimatic influence (Raymo et al., 1988). However,
recent studies indicate that the fluxes of metamorphic/orogenic COo,
even though their quantification is challenging, surpass the influence of
weathering processes and the drawdown of CO5 (Skelton, 2013; Zhang
et al., 2024). This imbalance highlights those metamorphic reactions,
that may occur on millennial timescales contribute substantially to the
global CO, budget and influence the shaping of the Earth's atmospheric
evolution (Becker et al., 2008; Evans et al., 2008; Skelton, 2013; Hilton
and West, 2020; Clift et al., 2024; Pradhan and Sen, 2024).

According to Polyak et al. (2018) and Vaselli et al. (2002), the COy
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emissions in the Ukrainian and Romanian segments of the Carpathians
originate from both mantle processes and the thermal decomposition of
carbonates linked to magmatic activity. The crustal sources of gases
could only be understood through the lithological and mineralogical
characteristics, as well as the deposition and burial history of the Car-
pathians. The flysch nappes represent heterogeneous sequences, pri-
marily composed of sandy-shaly deposits, containing carbonates and
marls (Sandulescu, 1984; Mason et al., 1996; Melinte-Dobrinescu and
Jipa, 2007; Briceag et al., 2009; Solcanu, 2015; Schmid et al., 2020).
Beneath the flysch nappes, the Danubian metamorphic basement con-
tains a sedimentary cover consisting of continental to shallow-water
lacustrine Permian clasts, Lower Triassic clasts, Middle to Upper
Triassic carbonates, Lower to Middle Jurassic succession of clasts,
Middle Jurassic to Early Cretaceous carbonates, and locally Late
Cretaceous fine-grained sediments (Schmid et al., 2020; Krstekanic¢
et al., 2022).

Given the average geothermal gradient of 20-25 °C/km for the
Romanian segment of the Carpathian nappe systems and 70 °C/km for
Ciomadul (Baile Tusnad) (Demetrescu and Andreescu, 1994), at a depth
of 10 km (~ 3 kbar) we can predict a low-temperature scenario of
around 200 °C in the flysch areas and a high-temperature scenario of
700 °C near the Ciomadul volcano. Under these temperature and pres-
sure conditions, various metamorphic reactions occur, leading to the
release of CO, (Bucher and Frey, 2002). We model the CO; production in
the Carpathians based on the available petrographic data (Sandulescu,
1984; Melinte-Dobrinescu and Jipa, 2007; Solcanu, 2015).

Two models were developed using the Domino/Theriak code (De
Capitani and Petrakakis, 2010) under physical conditions of P =
2000-4000 bar and T = 200-500 °C, with excess water (Fig. 8). The
thick lines in the figures of both models represent the primary reactions,
while the thin lines show the partial pressure of the CO; in the CO2-H20
solution.

In the first scenario, the reactions involve simple siliceous carbon-
ates, in which the protolith consists of calcite-dolomite and quartz
(20Cc + 10Do + 5Qz molar). These minerals react to form talc (Tc) or
tremolite (Tr), depending mainly on the temperature, while releasing
COo, e.g.

3Do+4Qz+H;0=Tc+3Cc+3CO;

Tc+2Do+4Qz=Tr+2Cc+2CO0O,

In the second case, the more reliable protolith model for normal
marls contains kaolinite as the most common clay mineral beyond Cc
(calcite), Do (dolomite) and Qz (quartz) (20Cc + 10Do + 5Qz + 5KIn
molar). The corresponding CMASH (Ca-Mg-Al-Si-H) system allows
Ca—Al silicates to form as products of subsequent metamorphic re-
actions. The appearance of all essential newly forming minerals (chlo-
rite, margarite, anorthite and hornblende) coincides with CO, release.
Both simplified models demonstrate that the release of CO5 increases
proportionally with rising temperatures.

The observations in Romania correspond with those proposed by
Oszczypko et al. (2018) for the Polish segment of the Carpathians. It has
been suggested that the CO3 in the Polish segment, specifically in the
Magura nappe near the Krynica, Wysowa and Muszyna area is generated
through metamorphic processes occurring at the basal part of the nappe
system, which is underlain by the Mesozoic-Paleozoic platform. The
geothermal gradient of 29 °C/km in this area leads to a temperature of
~580 °C at a depth of 20 km with pressure conditions of 5.5-6 kbar.
Such conditions are favourable to develop subsequent metamorphic
zones, where dehydration and decarbonation processes may occur at
temperatures above ~190 °C, leading to the formation of minerals like
talc. In Krynica the metamorphic reactions can take place at tempera-
tures of 240-300 °C at a depth of about 10 km (Figs. 4, 5, 7). Addi-
tionally, the presence of the “Zuber” type of waters with particular
chemical and isotopic compositions (with extremely enriched 5'%0m20



B.M. Kis et al. Earth-Science Reviews 279 (2026) 105528

A 4000 .

1

W
S
S
=)
|

]

Pressure [Bar]

2000 T

]

B 4000 .

Pressure [Bar]
b4
8
|

2000 T T
200 300

Temperature [C]

500
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V-SMOW ratios up to positive values), noted as “dehydration or diage-
netic waters”, serves as further evidence for these processes (Oszczypko
and Zuber, 2002). Similar dehydration waters have also been identified
in the Romanian segment of the Carpathians (Kis et al., 2020).

The metamorphic production of CO, within the Carpathians corre-
sponds with the presence of crustal-derived He in CO-dominated gases,
as also supported by geophysical evidence of an electrical conductivity
anomaly at approximately 10 km depth along the collision suture zones
of the Western and Eastern Carpathians (Pinna et al., 1992; Stanica and
Stanica, 1993; Zytko, 1997), which aligns with the COa-rich zones
identified in the Polish, Ukrainian and Romanian segments. This phe-
nomenon was attributed to metamorphic devolatilization processes
(Rokityansky and Ingerov, 1999; Neska, 2016) Additional evidence for
the metamorphism of marly limestones under depth conditions
exceeding 5 km is provided by crustal xenoliths discovered within the
Neogene volcanic products of eastern Slovakia (Marcincakova and
Kosuth, 2015). Furthermore, contact-metamorphic processes at the
interface between volcanic rocks and flysch sequences may also
contribute to fluid generation and cannot be ruled out.

4.4. §"3Cgoz vs. CO2/°He relationships

The amount of CO; and its carbon isotopic composition (6'3Cgo2) in
geogenic fluids can be influenced by secondary processes at shallow
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levels (dissolution, precipitation, mixing) that complicate the distinction
between different CO2 sources simply by using mixing between the
different potential deep sources (e.g. Sano and Marty, 1995). In this
context, the C—He systematics are helpful in evaluating enrichments or
depletions relative to their sources (e.g., the mantle-like signature) and
how the carbon isotopic signature of CO, is modified by these processes
(Holland and Gilfillan, 2013; Barry et al., 2020; Randazzo et al., 2022,
2025). Mixing is a first-order process that could affect the amounts and
isotopic composition of the different gaseous species emitted in the at-
mosphere. In fact, during the transfer through the crust, mantle-derived
gases can mix with crustal fluids originating from different sources, with
the resulting fluids that take memory of this process (Randazzo et al.,
2021, 2025).

Sano and Marty (1995) proposed an approach for the magmatic
systems based on three-component mixing equations, which allows for
the deconvolution of mantle and crustal carbon fractions due to their
distinct CO,/3He ratios and §'3C values (Fig. 9). Usually, values higher
than mantle CO,/*He ratios can be interpreted as due to the addition of
crustal-derived CO,, produced by decarbonation reactions and/or bio-
logical processes, as suggested from previous large-scale geochemical
investigations (e.g. Sano and Marty, 1995; Sherwood Lollar et al., 1997).
Here, we assume a CO,/>He ratio of 2-7 x 10° and 613CCO2 = —3.5%o as
representative of the mantle below the Carpathians (Brauer et al., 2016;
Rizzo et al., 2018) a value slightly different from the typical MORB
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Fig. 9. CO,/He vs. 13C-CO,, plot of the investigated gas emissions. Lines show the theoretical binary mixing between a mantle end member (CO,/*He = 2-7 x 10°
and 8'3C = —3.5%, Briuer et al., 2016; Rizzo et al., 2018) and the crustal end members represented by marine limestones (CO5/3He = 103, 5'3C = 0%0) and organic
sediments (CO5/°He = 1 x 103, §'3C = —30%0) (Sano and Marty, 1995). Curves labelled as 100-10% represent binary mixing trajectories between mantle and the
crustal end-members, allowing the crustal and mantle contributions to be estimated directly from the position of each sample. Symbols as in Fig. 2.
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Fig. 10. CO,/°He vs. 13C-CO, of the investigated gas emissions. Lines show the theoretical binary mixing between a mantle end member (Briuer et al., 2016; Rizzo
et al., 2018) and crustal end members represented by marine limestones and organic sediments (Sano and Marty, 1995). Dashed lines represent the predicted model
for a Rayleigh-type carbonate dissolution at different temperatures (25 °C, 50 °C and 75 °C) and salinity (S = 0%o or S = 35%o), with the fractions (%) of CO lost from
the gas phase due to dissolution into groundwater. Equations from Buttitta et al. (2023), Gilfillan et al. (2009) and Randazzo et al. (2025). Symbols as in Fig. 2.
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Fig. 11. CO,/%He vs. 13C-CO, of the investigated gas emissions. Lines show the theoretical mixing between a mantle end member (Briuer et al., 2016; Rizzo et al.,
2018) and crustal end members represented by marine limestones and organic sediments (Sano and Marty, 1995). Dashed lines represent the predicted trends for
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due to precipitation. Equations from Buttitta et al., (2023), Gilfillan et al. (2009) and Randazzo et al. (2025). Symbols as in Fig. 2.
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mantle (e.g., COy/°He = 1.5-2 x 10°, Marty et al., 2020) because, in
continental setting, the lithospheric mantle often brings record of het-
erogeneities caused by deep processes such as subduction and/or
metasomatism that can lead to carbon enrichment or, in general, a
modification of its chemical composition (e.g., Rizzo et al., 2018).

We find that the CO,/°He ratios in the sample dataset are either
higher (up to 6.1x 10'3) or lower (as low as 3.1 x 107) than the inferred
mantle range (Fig. 9). In addition to the mantle end member, we assume
two crustal-sourced end-members with COZ/BHe ratio of 10'3 and 8'3C
of 0%o, —30%o for limestone and biogenic, respectively (Sano and Marty,
1995). With these, we can solve the contribution of the different COy
sources (CO/2He vs 613C<;02 diagrams, Figs. 9, 10 and 11). The data
distribution indicates a heterogeneous carbon source, primarily
reflecting a mixture between mantle and crustal-derived (limestone end
member) gases, along with a low contribution from biogenic sources
(Fig. 9). By assuming mixing processes in controlling the CO2 and He in
the Carpathian natural fluids, the CO/°He vs 8'3Ccos relationship
(Fig. 9) shows that biogenic CO2 contribution is minimal, the majority of
samples align along the mantle-limestone mixing line, where the per-
centage curves quantify the proportion of limestone-derived CO, rela-
tive to the mantle component. Volcanic samples from Ciomadul (red
symbols, Fig. 9) cluster predominantly within the intermediate to
mantle-like fields of 40-70% limestone range (corresponding 30-60
mantle %, respectively), indicating that the crustal limestone source is
a significant contributor even in magmatically influenced systems. It is
worth noting that 5'3Cqoz values closer to those of mantle-derived
carbon coincide with the highest He isotopic ratios observed in volca-
nic areas (613CCOZ at Ciomadul; —4.5 to —4.7%o V-PDB; Vaselli et al.,
2002; Kis et al., 2019).

Non-volcanic samples from the Eastern Carpathians (purple symbols,
Fig. 9) plot even closer to the limestone end-member, corresponding to a
80-95% limestone-derived CO-, consistent with shallow crustal CO-
degassing unrelated to magmatism.

Carbon isotope composition and CO,/°He ratios are likewise
severely modified by secondary processes during gas-water interactions,
as suggested by samples plotting below the mantle CO,/He ratios. Such
values cannot be explained by binary mixing, instead suggest secondary
processes. CO, can be retained either in form of carbonate minerals
(mineral trapping) or dissolved in solution (solubility trapping) (e.g.,
Gilfillan et al., 2009; Randazzo et al., 2022) leading to decreased
COy/>He ratios and more negative 5'°C in the residual gases.

Recent studies about CO,-rich mineral water springs scattered across
the Carpathians (Ciezkowski et al., 2010; Bodis et al., 2017; Italiano
et al., 2017) indicate the dissolution of the rising CO5 in groundwater
systems as a regional phenomenon impacting the fluids; while evidence
for carbonate precipitation reactions, forming calcite and dawsonite
minerals, linked to CO5 emissions include the observations from the
Magura nappe in the Polish Carpathians (Dulinski et al., 1995; Grad-
zinski et al., 2012) and in Romanian segments (Italiano et al., 2017;
Cseresznyés et al., 2024).

To model CO5 dissolution and carbonate precipitation processes in
the shallow crustal layers of the study area, we consider two end
member conditions as representative of the possible scenarios at depth:
1) a low salinity (S) water reservoir (S = 0%o), and 2) a salt-rich water
reservoir (S = 35%o). Assuming a mantle-like composition typical of the
SCLM for the initial gas (CO2/3He = 2-7 x 10°, 8'3C = —3.5%o; (Briuer
et al., 2016; Rizzo et al., 2018; Marty et al., 2020) we model the pro-
gressive variation of the CO4/°He ratio and 8'3Cgqy in the residual gas as
an open-system (Rayleigh type) (for methods and equations see Ran-
dazzo et al. (2025) and reference therein,) under different temperature
(25 °C-75 °C) and pH (4-8) conditions (Figs. 10 and 11 - dissolution and
precipitation models for different temperature and salinity with the
fractions of COy lost from the gas phase due to dissolution into
groundwater or fraction of CO, removed from the fluid phase due to
precipitation). Our model of partial CO, dissolution in water at pH be-
tween 4 and 8, T = 25C° and S = 0% fits the data that are characterized
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by CO,/3He ratios lower than the mantle values, highlighting that part
of the gases emitted in the studied region can be representative of
different degrees of COy loss by dissolution in water (up to 90%).
Therefore, the water-gas interactions can reasonably explain the
CO,/3He vs. 5'3C relationships at the regional scale over a large range of
T (25-75 °C), S (0-35%o), and pH (4 to 8). On the other hand, the pre-
cipitation modelled curves only partially fit the composition of the
natural fluids (Fig. 11), but even though a significant number of data
points are not consistent with carbonate precipitation, we cannot rule
out the possibility that this process locally affects the chemical and
isotopic composition (5'3C) of gases in the Carpathians. It is important to
emphasize that here we consider the case of the SCLM (COy/%He = 2-7
x 10°, 813C = —3.5%q; Briuer et al., 2016; Rizzo et al., 2018; Marty et al.,
2020) as the mantle end-member, which can be modified by gas-water
interactions under different conditions (25 °C < T < 100 °C, 5 < pH
< 8 and 0%o < S < 35%0). These processes should be evaluated inde-
pendently and constrained with isotopic data from waters and rocks,
enabling a more precise characterization of the secondary processes
affecting these degassing systems.

4.5. Degassing and flux of mantle-derived fluids

The different sectors of the Carpathians exhibit a complex
geochemical and geodynamic framework, with mantle-derived volatiles
providing evidence of deep mantle contributions. A quantitative He flux
estimate can provide insights into the transfer of volatiles through the
crust (e.g., Randazzo et al., 2025). During the transfer of mantle-derived
fluids through the crust, the addition of crustal radiogenic “He decreases
the mantle He isotopic ratio. Using the approach proposed by (O'Nions
and Oxburgh, 1988), it is possible to assess the flux of mantle-derived
He. This method is based on the progressive addition of a crustal He
component under steady-state degassing (O'Nions and Oxburgh, 1988),
that dilutes the mantle He component, resulting in a decrease of the He
isotopic signature from the typical SCLM -derived value (6.1 Ra +0.9;
Gautheron and Moreira, 2002) to the radiogenic signature (0.02 Ra;
Ballentine and Burnard, 2002). The limitation of this approach consists
in the fact that only the mantle derived He and CO; flux can be quan-
tified, whereas constraining the crustal CO; fluxes require direct CO»-
flux measurements at each site together with groundwater analyses to
determine the dissolved fraction, so that total emissions can be estab-
lished and the crustal component derived as the difference between the
total and the mantle-derived flux inferrer from He systematics.

Considering the complete dataset available (this work +literature
data) we compute the mantle He flux by using an average R/R, value for
each area (i.e., the Ciomadul, Eastern Carpathians volcanic and Eastern
Carpathians non-volcanic). Our estimates of the mantle He fluxes range
from 10'° to 102 atoms m™ s for the Ciomadul and for the Eastern
Carpathians volcanic area, meaning a He flux of 1.59 x 1013 and 8.64 x
101 g m? s! respectively, while for the Eastern Carpathians non-
volcanic area the values range from 10° to 10! atoms m™ s, mean-
ing a He flux of 3.46 x 10"'* g m? s’ (Table 2-Supplementary Material,
Fig. 12). These values are up to three orders of magnitude higher than
those typically observed in stable continental areas (~10” atoms m2s™;
O'Nions and Oxburgh, 1988). We then calculated the mantle-derived
3He flux (Fig. 12 and Table 2-data-Supplementary Material, with flux
values and data that we used to compute the fluxes). These values range
from 4.94 x 10°t0 107 g m2 5! for Ciomadul volcano, 1.69 x 10% to
1017 g m? 5! for the Eastern Carpathians volcanic area, and 3.22 x 10°
20 t0 108 g m? s for the Eastern Carpathians non-volcanic area
(Table 2-Supplementary Material).

Following Randazzo et al. (2025) we can use the combination of
available CO,/>He ratios, R/R, values, and mantle He fluxes to estimate
mantle CO, fluxes. Our average values are 1.4 x 10% g km y! for the
Ciomadul volcanic area, 1.18 x 10% gkm2 y'! for the volcanic area of the
Eastern Carpathians and 5.1 x 107 gkm™2 y! for the non-volcanic area of
the Eastern Carpathians. The total mantle-derived carbon flux estimated
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Fig. 12. A. Mantle He fluxes in g m™ s estimated for each region (data in Table 2, Supplementary Material): red representing This Work and Literature data from the
Ciomadul volcanic area; yellow, representing This Work and Literature data from the Eastern Carpathians volcanic area; light purple, representing This Work and
Literature data for the Eastern Carpathians, non-volcanic, CO, dominated area; light purple representing available data from the Polish sector of the Western
Carpathians; and dark grey for the Pannonian Basin area for reference (after Randazzo et al., 2025). B. Mantle CO, fluxes in g km™ y™! estimate for each region and
the Pannonian Basin for reference (after Randazzo et al., 2025); symbols as in the A figure. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

for the Carpathians, considering both volcanic and non-volcanic areas,
calculated to an area of 100,000 km? is 4.66 Mt. year’1 (Fig. 13). This
average for the Carpathians is lower than that of volcanic arcs and
continental rift systems, that exhibit one order of magnitude higher
values, but similar to other collision zones worldwide (Fig. 13).

The Carpathians represent a major orogenic system previously
missing from global CO, inventories, yet, their estimated mantle-carbon
fluxes are comparable to those of arc volcanoes and continental rifts.
This shows that global natural carbon fluxes still remain insufficiently
constrained, especially for collisional tectonic settings, as noted in our
work and in recent studies. Many segments of the Tethyan belt still lack
COs, flux estimates, further emphasizing the need for broader regional
assessments. In this context, the Carpathians provide an important piece
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to the larger puzzle of the natural carbon emissions in such tectonic
environments).

4.6. Pathways and migration channels

Degassing of CO5 in the Carpathians occurs only at specific locations,
possibly linked to pathways and migrations channels provided by folded
nappe structures of the Carpathians and related fault-systems, as seen
from the cross-sections in Figs. 4, 5 and 7. The thrusted and folded build-
up of the flysch nappes together with some deep-seated faults, e.g., the
Transcarpathian Fault (Nakapelyukh et al., 2018), Krynicza Fault
(Oszczypko and Zuchiewicz, 2007), Dragos-Voda Fault, the Olt-River
fault-zone (Bala et al., 2015), may have created favourable channels
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et al., 2025) and red diamond for the Carpathians. Values for the Carpathians considering a total area 100,000 km? and summing all contributions from volcanic and
non-volcanic areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

for fluid flow. These areas could be characterized with increased
porosity-permeability conditions, that provide rapid fluid flow (Kleine
et al., 2016). The presence of immiscible fluids as modelled by Groppo
et al. (2022) enhances CO release through permeable structures of the
crust. We propose an open system where CO, migration is fast and
continuous, driven by migration channels that are likely influenced by
the tectonic features of the Carpathians. CO, degassing and elevated
concentration (>90%) was measured at certain nappe borders and faults
(Figs. 4-7), suggesting the tight spatial relationship between degassing
localities and structural characteristics. COy degassing along the Car-
pathian range suggest a firm tectonic control over fluid movement.

The area of Ciomadul stands out for having the highest mantle
contribution in their gas emissions alongside the highest heat flow
within the Carpathians. The elevated mantle contribution at the Cio-
madul dome field can be attributed to factors such as the permeability of
the young volcanic conduits and faults, that can facilitate the upwelling
of mantle-derived fluids through the magmatic system. A well pro-
nounced lateral variation of He isotopic ratios (R/R,) is evident across
the Carpathians, marked by elevated R/R, values near the volcanic re-
gions and a systematic decrease moving away from these areas toward
the flysch belt and basin regions, eventually reaching crustal end-
member values.

The lateral transport of mantle-derived fluids is facilitated by the
folded-thrusted sheet structure of the flysch nappes and related post-
thrust fault systems that characterize the area (Oszczypko and Zuchie-
wicz, 2007; Bala et al., 2015; Nakapelyukh et al., 2018; Polyak et al.,
2018).

5. Summary and conclusions

Understanding degassing, geochemical characteristics, and sources
of deep fluids is a global concern. Much like other extensively studied
orogenic systems worldwide, such as the Apennines (Chiodini et al.,
1999), the Alps (Marty et al., 1992), the Himalayas (Kerrick and Cal-
deira, 1998; Evans et al., 2008; Groppo et al., 2017; Zhang et al., 2017b;
Klemperer et al., 2022), the Carpathians is also a significant degassing
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area, as resulted from the abundance of available sites and related data.

CO- emissions in the Carpathians are concentrated in the inner arc,
mainly linked to Neogene-Quaternary volcanic range and carbonate-
rich flysch nappes, particularly at the extensively tectonized suture
zones such as the Pieniny Klippen Belt-Magura and Ceahlau-nappes.
These lithological and structural settings together with their carbonate-
rich basements provide favourable conditions for fluid release, con-
trasting with CH,4 emissions of thermogenic origin in the Outer Flysch
belt. While hydrocarbons have been extensively studied, the mecha-
nisms driving CO2 degassing remain less constrained. To resolve these
uncertainties, we conducted a regional investigation combining chemi-
cal and isotopic analyses with lithostratigraphic and pressur-
e-temperature constraints, offering new insights into the geological and
geochemical processes controlling COy emissions across the Carpa-
thians. Combining our recent data with previous investigations, we
computed a dataset that presents the first regional map of free CO5 and
CH4 degassing sites in the Western and Eastern Carpathians, along with
the first comprehensive geochemical investigation of gases in the region.

The spatial distribution of He isotopes across the Carpathian arc in-
dicates a variable contribution of mantle- and crustal-derived volatiles,
with significant mixing between the two. Elevated R/R, values mark
regions where mantle He is efficiently transported to the surface, often
associated with magmatic processes. In the Carpathians, mantle-derived
components (R/R, > 2) are most prominent near long dormant volcanic
regions, particularly at Ciomadul, where anomalously high values
reflect the persistence of deep magmatic reservoirs and active degassing
long after volcanism ceased. CO5 plays a central role in transporting
mantle He, and its widespread degassing across both volcanic and non-
volcanic areas highlights the complex interplay of mantle input, crustal
fluid generation and volatile-migration pathways.

Radiogenic He, carried mainly by CO, and CH4, dominates in non-
volcanic regions such as the thick flysch belt and metamorphic se-
quences, where CO5 and CHa-rich gases show crustal signatures. CO5
emissions are largely crustal in origin, produced through metamorphic
decarbonation reactions of marls and carbonates under prograde
metamorphic conditions, resembling trends in other orogenic belts like
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the Alps, Caucasus and Himalayas. Thermodynamic modelling supports
that regional metamorphism and burial-related processes at depths of
5-20 km that generate significant CO,, consistent with geophysical
anomalies and geochemical evidence across the Carpathians. These
findings highlight the importance of metamorphic devolatilization as a
major source of crustal volatiles in collisional orogens, defined as
“orogenic COy degassing,” contributing substantially to regional gas
emissions and the global carbon cycle emphasised also by recent global
surveys (Zhang et al., 2024). The Carpathians share these traits, and
with new geochemical data providing the first regional mapping of CO,
and CH4 emissions, reflecting local lithological and tectonic controls.

CO; degassing in the Carpathians occurs at structurally controlled
sites, closely linked to folded nappe systems and major fault zones such
as the Transcarpathian, Krynicza, Dragos-Voda, and Olt-River faults.
These tectonic features enhance porosity and permeability, creating
preferential pathways for rapid fluid migration. Field observations show
CO,, concentrations exceeding 90% along nappe borders and fault zones,
highlighting the spatial correlation between degassing localities and
structural architecture. At Ciomadul, the highest mantle contribution
coincides with young volcanic conduits and high heat flow, enabling
efficient ascent of mantle-derived volatiles. Helium isotope ratios (R/R;)
display systematic lateral variations, with elevated mantle signatures
near volcanic centres and progressive decrease toward the flysch belt
and basin regions. We propose an open system where tectonic structures
and post-thrust faults facilitate both vertical and lateral transport of
mantle-derived fluids across the Carpathians.

The combined use of §'°C of CO, and CO,/?He ratios provides in-
sights into the origin and evolution of geogenic CO in the Carpathians.
Our data reveal heterogeneous carbon sources, with most samples rep-
resenting mixtures of mantle-derived and crustal (limestone) end-
members, and only minor biogenic contributions. '>C values close to
mantle compositions coincide with high 3He/*He ratios in volcanic
areas, whereas higher CO,/He ratios indicate additional crustal inputs.
Secondary processes, particularly CO5 dissolution in groundwater and
carbonate precipitation, further modify both isotopic signatures and
C—He systematics.

The Carpathians display a heterogeneous geochemical framework,
with mantle-derived volatiles providing evidence for deep contributions
to crustal fluid systems. Using helium isotope systematics and the
(O'Nions and Oxburgh, 1988) approach, we estimated mantle He fluxes
across different Carpathian sectors.

He fluxes reach 1.59 x 103 t0 8.64 x 10"'* gm™s! in volcanic areas
such as Ciomadul and the Eastern Carpathians, up to three orders of
magnitude higher than stable continental regions, while non-volcanic
areas show lower but still elevated values, with He flux of 3.46 x 10
14 ¢ m?2 s, Corresponding mantle-derived 3He fluxes range from 10 © 1°
to 1017 g m2 5! in volcanic zones and are an order of magnitude lower
in non-volcanic settings, ranging from 10 ©° 2° to 1018 g m?2 571,

Combining He fluxes with CO,/>He ratios, we estimated mantle CO5
fluxes of 1.4 x 10° g km™2 y! for the Ciomadul volcanic area, 1.18 x 108
g km2y! for the volcanic area of the Eastern Carpathians and 5.1 x 107
g km2 y! for the non-volcanic area of the Eastern Carpathians. The total
mantle-derived carbon flux estimated for the Carpathians, considering
both volcanic and non-volcanic areas, calculated to an area of 100,000
km? is 4.66 Mt. year'l, consistent with values reported for other volcanic
and tectonically active regions worldwide.

The Carpathians display similarities with the other Tethyan orogenic
systems such as the Pyrenees, Alps, Caucasus and Himalayas in both
geodynamic evolution and volatile geochemistry. In all these orogens,
CO;, degassing is linked to prograde metamorphism and devolatilization,
generating crustal-derived fluids, while mantle/magmatic derived He is
related to suture areas, volcanic and extensional domains. The spatial
association of degassing with major suture zones, volcanic areas and
tectonized nappe systems further emphasizes the similarities, placing
the Carpathians in the broader fluid-geochemical pattern of the Tethyan
collision orogens.
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