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A B S T R A C T   

Understanding the formation, migration and emanation of deep CO2, H2O and noble gases (He–Ne) in deep-seated 
deformation settings is crucial to know the complex relationship between deep-originated fluids and lithospheric 
deformation. To gain a better insight into these phenomena, we studied the origin of H2O, CO2 and noble gases of 
gas-rich springs found in the Târgu Secuiesc Basin located in the southeasternmost part of the Carpathian-Pannonian 
region of Europe. This study area is one of the best natural examples to understand the connection between the deep 
sources of gas emanations and deep-seated deformation zones, providing an excellent analogue for regions with 
similar tectonic settings and fluid emanation properties. We studied the δ2H and δ18O stable isotopic ratios of the 
spring waters, and the δ13C, He and Ne stable isotopic ratio of the emanating CO2-rich gases dissolved in the mineral 
spring waters in Covasna town and its vicinity. Based on the δ2H, δ13C, δ18O stable isotopic ratios, the spring waters 
and the majority of the gases are released through two consecutive fluid infiltration events. The preservation of the 
metamorphic signal of the upwelling H2O is linked to the local groundwater flow and fault abundancy. Furthermore, 
the noble gas isotopic ratios show a high degree of atmospheric contamination in the dissolved water gasses that is 
most likely related to the local hydrogeology. Nevertheless, the elevated corrected helium stable isotopic ratios (Rc/ 
Ra) of our filtered data suggest that part of the emanating gases have a potential upper mantle source component. 
Beneath the Southeastern Carpathians, mantle fluids can have multiple origin including the dehydration of the 
sinking slab hosting the Vrancea seismogenic zone, the local asthenospheric upwelling and the lithospheric mantle. 
The flux of the mantle fluids is enhanced by lithospheric scale deformation zones that also support the fluid inflow 
from the upper mantle into the lower crust. The upwelling CO2–H2O mantle fluids may induce the release of crustal 
fluids by shifting X(CO2) composition of the pore fluid and, consequently, initiating decarbonisation and devolati-
lization metamorphic reactions as a result of carbonate and hydrous mineral destabilisation in the crust. Based on the 
p-T-X(CO2) conditions of calc-silicates and the local low geotherm, we emphasise the importance of the upwelling 
fluids in the release and upward migration of further H2O and CO2 in the shallower lower and upper crust. We infer 
that migration of deep fluids may also play an important role in addition to temperature control on the generation of 
crustal fluids in deep-seated deformation zones.  
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1. Introduction 

Fluid emanations in various geological settings are complex pro-
cesses in terms of understanding the connection between the upper 
mantle and surface observations, and requires a multidisciplinary 
approach by combining geochemistry, geophysics and tectonic knowl-
edge. Therefore, a robust approach for constraining the geological 
evolution in deep-seated deformation zones requires a combination 
between studying composition of emanating volatiles (e.g., Kerrick and 
Caldeira, 1998), the lithospheric heat and electrical conductivity (e.g., 
Upton et al., 2003), seismic wave attenuation (e.g., Petrescu et al., 
2021), the tectonic evolution, including nappe stackings, fault geometry 
and exhumation (e.g., Reiners and Brandon, 2006; Merten et al., 2010) 
with analysing the petrologic and geochemical character of the mantle 
source releasing fluids into the overlying crust (e.g., Tari et al., 1997; 
Kovács et al., 2018). Several studies explored the CO2 degassing in 
various deep-seated deformation settings (i.e., penetrating the lower 
crust and/or the upper mantle), such as the Eastern Anatolia (Mutlu 
et al., 2008), Southern Appenines (Chiodini et al., 2004; Buttitta et al., 
2023), the Himalayas (e.g., Kerrick and Caldeira, 1998; Evans et al., 
2008; Groppo et al., 2017, 2022), Alps and their vicinity (e.g., Bräuer 
et al., 2016), Southern Alps of New Zealand (e.g., Upton et al., 2000, 
2003) and San Andreas Fault (e.g., Pili et al., 2011). These studies 
pointed out gas-rich springs along deep-seated deformation zones and 
proposed a mixed crustal and mantle origin for most of the emanating 
CO2-rich gases. In addition, intense gas emanation can affect the habitat 
of terrestrial life (e.g., distribution of plants) and consequently is an 

important topic from a biogeodynamic point of view (Kusakabe et al., 
1989; Jánosi et al., 2022). From a rheological perspective, the migration 
of deep fluids in a deep-seated ductile environment (mantle, lower crust) 
is controlled by the rate and speed of deformation (Sleep and Blanpied, 
1992), whereas the fluid migration in the upper (brittle) crust is 
controlled by the permeability of the fluid-hosting rocks (e.g., Bense 
et al., 2013). The existence of fluids (e.g., CO2, H2O, noble gases) 
migrating throughout the lithosphere strongly depends on the chemical 
and physical properties of the source and hosting environments (e.g., Eh, 
pH, fluid composition, temperature; e.g., Manning et al., 2013). In the 
lithospheric mantle, pure CO2 acts as an inert fluid (similar with noble 
gases) and its migration to the crust is considered spontaneous (e.g., 
Szabó and Bodnar, 1996; Vaselli et al., 2002; Frezzotti and Touret, 
2014). In contrast, the behaviour of CO2 in the crust is significantly more 
complex. Crustal CO2 can be related to the decomposition of carbonates 
or to the oxidation of reductive carbon-bearing compounds (e.g., 
graphite, CH4; Kerrick and Caldeira, 1998). Despite these extensive 
studies, the interaction between deeply sourced mantle fluids and crust, 
in releasing the observed CO2 emanations in complex deep-seated 
deformation settings associated with actively sinking slabs, is less un-
derstood (e.g., Vaselli et al., 2002; Caracausi and Sulli, 2019; Groppo 
et al., 2022). 

In the well-studied Carpathian-Pannonian region (CPR) of Central 
Europe numerous potential post-volcanic and mantle derived CO2 
emanating localities (mofettes, springs) were observed in volcanic and 
non-volcanic areas (Vaselli et al., 2002; Bräuer et al., 2016; Sóki and 
Csige, 2016; Kis et al., 2019, 2020). One of the best-known localities is 

Fig. 1. Simplified tectonic map showing the main units of the Eastern, Southern Carpathians and the Southeastern Carpathians (simplified and modified after 
Mațenco, 2017; Kovács et al., 2021). IMF = Intra-Moesian Fault; TF = Trotuș Fault; NTF = New Trotuș Fault; PCF = Peceneaga-Camena Fault; BDF – Bogdan Vodă – 
Dragos Vodă faults system; PF – Puini Fault; CF – Cerna Fault; PHW – Putna Half-Window. 
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the town of Covasna, located in the southeastern part of the Târgu 
Secuiesc Basin, in the intramountain hinterland area of the Southeastern 
Carpathians (Fig. 1). The δ13C stable isotopic ratios of CO2 and associ-
ated helium isotopic ratios (R/Ra) of springs from the Târgu Secuiesc 
Basin and surrounding areas assume a different source than the classi-
cally presumed “post-volcanic derived” emanations in the nearby Har-
ghita Mountains (Vaselli et al., 2002). These authors also suggested that 
the CO2-rich gases of the Târgu Secuiesc Basin and surrounding area are 
most likely linked to the thermal/hydrothermal decomposition of sub-
ducted crustal carbonates followed by mixing with upper mantle fluids. 
Despite this important pioneering approach, the exact source of the 
crustal gases is still not known, whether they originate from the decar-
bonation of carbonates within the nearby sinking Vrancea slab or from 
the middle and lower crust of the overlying Moesian platform. 

Therefore, we aim to study the correlation between mantle and 
crustal sources in the release of H2O and CO2 emanations in a deep- 
seated deformation setting by building a fluid evolution model using 
the latest geochemical, geophysical and tectonic results acquired for the 
Southeastern Carpathian region. To derive process-oriented conclusions, 
we furthermore compare our model with other regional settings that 
contain deep-seated deformation zones, following previous inferences in 
correlating fluid flows with deformation. The joint study of isotopic 
ratios of water and dissolved gases (particularly CO2 and noble gases) in 
the CO2-rich springs located in the area of Covasna town provides a good 
opportunity to understand the evolution of the volatiles in a tectonically 
active, extinct volcanic area, used as a comparison with other volcanic 
and non-volcanic CO2 emanation areas. 

2. Geological background 

The Carpathian orogen, including its bend area was ultimately 
established during the post-Paleogene convergence and collision be-
tween the internal Carpathian units and the Moesian and European 
platforms (Fig. 1), followed by vertical movements associated with the 
continued retreat and steepening of the Vrancea slab (Mațenco, 2017). 
In the Southeastern Carpathians, the Cretaceous Ceahlău-Severin 
oceanic unit was sutured at the collision contact eastwards with an 
external thin-skinned east-verging thrust belt that was deformed during 
latest Paleogene – Miocene times until around 8 Ma (Fig. 1; Bădescu, 
2005; Mațenco et al., 2010). This structuration was followed by differ-
ential vertical movements characterized by subsidence in the Focșani 
Basin foreland and uplift in the orogenic wedge, associated with limited 
extension and the formation of Pliocene – Quaternary intramountain 
basins, such as the Brașov and Târgu Secuiesc basins (Girbacea and 
Frisch, 1998; Ciulavu et al., 2000; Merten et al., 2010; Necea et al., 
2021). The foreland basin subsidence was driven by the downward pull 
of the actively sinking slab associated with the Vrancea seismogenic 
zone, mapped by teleseismic tomography (100•70•30 km, Martin et al., 
2006; Radulian et al., 2008). This seismogenic zone is characterized by 
strong (Mw > 6) intermediate depth mantle (~70–170 km) and crustal 
earthquakes, associated with asthenospheric upwelling in the hinterland 
of the orogen, interpreted to reflect active detachment and/or delami-
nation processes (Tondi et al., 2009; Göğüş et al., 2016; Petrescu et al., 
2021; Ferrand and Manea, 2021; Kovács et al., 2021). The NW-most 
termination of the crustal and mantle earthquakes hypocentres are 
located beneath the SE corner of the intramountain (Brașov and Târgu 
Secuiesc) basins (Ferrand and Manea, 2021). The subduction and 
collision were also associated with a NNW-SSE oriented calc-alkaline to 
ultrapotassic alkaline volcanism that took place along the 
Călimani-Gurghiu-Harghita volcanic chain (10.5–0.03 Ma) at the inte-
rior of the Eastern Carpathians (Fig. 1; Szakács and Seghedi, 1995; 
Fielitz and Seghedi, 2005; Pécskay et al., 2006; Seghedi et al., 2019). 
During the last stages of magmatism, the southern end of the 
Călimani-Gurghiu-Harghita volcanic chain changed gradually its char-
acter to adakitic-like and K-alkaline, well studied in the southern Har-
ghita mountains (~1.96–0.03 Ma; Pécskay et al., 2006; Szakács et al., 

2015; Molnár et al., 2018). Simultaneously with the volcanic activity of 
the southern Harghita Mountains, alkali basaltic volcanism took place in 
the Perșani Mountains Volcanic Field (1.2–0.6 Ma; Downes et al., 1995; 
Panaiotu et al., 2013; Seghedi et al., 2016), exposing abundant litho-
spheric mantle xenoliths from an enriched, highly deformed lithospheric 
mantle source (Vaselli et al., 1995; Falus et al., 2000, 2008; Kis et al., 
2019; Molnár et al., 2021; Faccini et al., 2020). No volcanic activity 
occurred in the Southeastern Carpathians and its vicinity in the last ~28 
ka, after the most recent volcanic activity ceased (Karátson et al., 2019), 
yet CO2 degassing defined as ‘post-volcanic’ is still observed in the 
Harghita Mountains and its closer and farther vicinity (Kis et al., 2019). 
In the Perșani Mountains Volcanic Field the degassing in the form of 
gas-rich springs is much less intense. Active surface CO2 emanations are 
also observed along the older calc-alkaline Călimani and Gurghiu 
Neogene volcanic areas (e.g., Kis et al., 2020) and their neighbourhood 
where no volcanic activity occurred, such as Quaternary Borsec and 
Bilbor Basins along the eastern margin of the Transylvanian and other 
intramountain basins (Fielitz and Seghedi, 2005). Kis et al. (2020) 
distinguished two CO2 emanation types along the eastern boundary of 
the Transylvanian Basin and in the Eastern Carpathians. One type is 
related to the methane released from the Middle Miocene (Badenian) 
salt diapirs, which is associated with NaCl-rich waters. The other type is 
the southward continuation of the Călimani-Gurghiu-Harghita volcanic 
chain ending in the Târgu Secuiesc Basin and is associated with 
HCO3

− -rich water springs. In summary, these localities are part of the 
so-called ‘mofette aureola’ of the Neogene volcanic range. This area 
covers all active CO2 emanation localities along the western margin of 
the Eastern Carpathians and in the eastern Transylvanian Basin, spread 
out over more than 13 000 km2 (Airinei and Pricăjan, 1975). Springs 
found in the vicinity of the Târgu Secuiesc Basin are limited to its 
boundaries, potentially showing a relationship between their origin and 
marginal normal faults (e.g., Kis et al., 2020). This basin overlies the 
internal parts of the thin-skinned wedge (Audia and Tarcău nappes) that 
consist of dominant Cretaceous siliciclastic sediments (Fig. 2/a-b; Roban 
and Melinte-Dobrinescu, 2012). These thin-skinned nappes are thrusted 
over the Moesian platform that consists of Mesozoic to Palaeozoic car-
bonates and siliciclastic sediments overlying a Precambrian crystalline 
basement (Seghedi et al., 2005; Saintot et al., 2006). 

Sub-surface hydrogeological water flow in the vicinity of Covasna 
town takes place by percolation through Cretaceous sediments of the 
neighbouring Carpathian nappes and directed towards the Târgu 
Secuiesc Basin (Bandrabur, 1962, 1967). These water flows are some-
times disrupted by smaller faults located at the basin boundary and 
intramountain valleys (Bandrabur, 1962). Hydrogeological drillings 
showed an increase in dissolved CO2 concentration in the underground 
water in the vicinity of major faults. The dissolved CO2 concentration 
positively correlates with the salinity of the underground waters (Ban-
drabur, 1967). In the northeastern part of Covasna town the total dis-
solved solid concentration reached particularly high values (>17 000 
mg/l). 

3. Methodology 

3.1. Sampling of the spring waters and dissolved gases 

In the larger area of the Covasna town, water and gas samples were 
collected from springs located in the Covasna Park (Elvira-1 and Elvira-2 
springs; small spring adjacent to the Covasna creek; spring located 
behind the Kőrösi Csoma Sándor Lyceum), the Comandău Forestry Of-
fice courtyard, Benedek Géza Rehabilitation Hospital, and various 
springs within the Hankó valley (Fig. 2/b-d). Furthermore, one water 
sample was collected from the centre of Tamașfalău village located ~5 
km NW from Covasna situated in the Târgu Secuiesc Basin (Fig. 2b). We 
used this latter water sample to distinguish the stable isotopic ratio 
differences between the centre and boundary waters of the Târgu 
Secuiesc Basin. A detailed description of the sampling sites can be found 
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in Supplementary Material 1. 
Water samples were collected in cylindrical plastic containers. Dur-

ing water sampling the cylindrical plastic containers were filled under-
water to prevent isotopic contamination with atmospheric air. Then the 
sample holders were stored at low temperature (<5 ◦C) to slow down 
microbiological processes. 

Gas samples were extracted on-site from gas-rich spring waters using 

a portable device introduced and described in detail in Papp et al. 
(2016). The device is a 40•40•30 cm box with a metal plate on top 
carrying all the parts of the device that are connected via small metal 
tubes that are distributed in the following configuration. On one end of 
the metal plate, a membrane contactor (Liqui-Cel) is attached that has a 
water in- and outlet on both ends supporting the continuous water flow. 
The membrane contactor is built up with 7200 tiny polyurethane hollow 

Fig. 2. a) Tectonic map of the Southeastern Carpathians showing the relationship between the thin-skinned nappes and the geology of the Brașov and Târgu Secuiesc 
Basins, as well as the adjacent Transylvanian Basin and foreland of the Southeastern Carpathians (slightly modified after Necea et al., 2021). PCF =
Peceneaga-Camena Fault; COF = Capidava-Ovidiu Fault, TF = Trotus Fault. b) Local geological map of the Covasna town and surrounding area including Tamașfalău 
(modified after Murgeanu et al., 1968) showing the sampling locations. Figure c and d show the sampling locations (yellow circles) on Google maps images that are 
located in and near the Covasna Park and the Hankó valley (Voinești), respectively. The Comandău Forestry Office, Benedek Géza Rehabilitation Hospital and 
Tamașfalău sampling locations are indicated with red, blue and green circles in figure b, respectively, whereas yellow circle in figure c and d show the sampling 
locations within and near the Covasna Park and Hankó valley. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

T.P. Lange et al.                                                                                                                                                                                                                                 



Evolving Earth 1 (2023) 100013

5

fiber tubes. Perpendicular to the water flow direction (i.e., towards the 
centre of the metal plate), metal tubes and metal ball valves connect the 
membrane contactor to one-one glass ampoule filled with silica gel. The 
glass ampoules are further attached onto a pressure gauge that is con-
nected to a ‘T’ connector. The ‘T’ connector provides a connection to the 
external vacuum unit and the ~100 cm3 sized stainless steel cylinder 
container (i.e., gas sample holder). The gas sample holder has two 
openings on both ends to provide gas in and outflow both ends equipped 
with a metal ball valve. The other end of the gas sample holder is con-
nected to the circulator pump that is positioned inside the box of the 
portable device. Finally, the circulator pump is connected to the silica 
gel filled glass ampoule. A detailed description of the sampling pro-
cedure is found in Supplementary 2. 

3.2. Water and gas composition and isotopic measurements 

All bulk gas, stable isotopic and water conductivity measurements 
were performed at the Isotope Climatology and Environmental Research 
Centre (ICER), Institute of Nuclear Research (ATOMKI) in Debrecen 
(Hungary). The major gas composition (N2, O, Ar, CO2) were determined 
by quadrupole mass spectrometry (OmniStar, Pfeiffer Vacuum). Water 
samples for δ2H and δ18O were distilled and then measured using a LGR 
Liquid Water Isotope Analyser (model: 912–0050) with an accuracy of 
0.5‰ and 0.15‰, respectively (Túri et al., 2020). Obtained values δ2H 
and δ18O were normalized for V-SMOW. 

The measured isotopes from the extracted total gas samples are the 
following: δ13C and δ18O isotopic ratio of CO2 and the 3He, 4He and 20Ne 
noble gas concentration. Values of δ13C and δ18O were measured using a 
Thermo Finnigan DELTAPLUS XP with an accuracy of ±0.1‰ for both 
elements. Helium was measured using a Thermo Scientific Helix SFT 
mass spectrometer, whereas Ne with a VG-5400 mass spectrometer. For 
each noble isotopic measurement, we used approximately 1 cm3 of the 
collected gas. Prior to the measurements, we introduced the noble gases 
for 40 min first in a molecular sieve trap at liquid nitrogen temperature, 
and then into two cryogenic traps cooled at 25 K (empty trap, for Ar; Kr, 
Xe) and 10 K (charcoal trap, for He and Ne). During the measurement, 
He was first released from the trap at 42 K. After He measurements the 
trap chamber was heated to 90 K releasing the Ne gas from the charcoal 
traps. Background air measurement for He and Ne were conducted by 
measuring at the atmosphere of the laboratory at the same day of the 
measurements. Known-volume air aliquots were repeatedly run through 
in the same way on the gas purification line for the calculation of con-
centrations. Signals were collected by a Faraday cup in the case of 4He 
and 20Ne isotopes and by an electron multiplier for 3He. The helium 
blank was 1 × 10–10 ccSTP (ccSTP: cubic centimetre at standard tem-
perature and pressure, 0 ◦C and 1 atm), whereas neon blank was 5 ×
10–10 ccSTP. The analytical error of the measurements was 1.5–2.5% 
for 3He, <1% for 4He and <5% for 20Ne, . Further details of the 
analytical procedure are available in Papp et al. (2012). 

From the acquired 3He/4He and 4He/20Ne isotopic ratio results, we 
calculated the corrected 3He/4He ratios (Rc/Ra), more precisely, the 
3He/4He ratio, which is free of atmospheric contamination. For this, we 
used the equation of Giggenbach et al. (1993):  

Rc/Ra = ((Rm/Ra) (4He/20Ne)m - (4He/20Ne)a) / ((4He/20Ne)m - (4He/20Ne)a),(1) 

Where Rm/Ra is the measured 3He/4He isotopic ratio, the (4He/20Ne)m is 
the measured 4He/20Ne isotopic ratio and the (He/Ne)a is the atmo-
spheric air 4He/20Ne isotopic ratio dissolved in spring water. The dis-
solved atmospheric air 4He/20Ne isotopic ratio is equivalent to 0.274 for 
5 ◦C degree waters. In the following, we will only discuss the Rc/Ra 
ratios. 

3.3. Calculation of temperature and depth curves for the Târgu Secuiesc 
Basin 

To constrain the temperature conditions beneath the Târgu Secuiesc 
Basin, we calculated the temperature-depth distribution assuming a one- 
dimensional steady-state model (e.g., Chapman and Furlong, 1992): 

Ti =Ti0 +
qi0

ki
Δz −

Ai

2ki
Δz2 (2)  

where Ti is the temperature at depth Δz in layer i, ki and Ai are the 
thermal conductivity and heat production rate in layer i, respectively, 
and Ti0 and qi0 are temperature and heat flow density at the top of the 
layer, respectively. We considered the temperature dependence of the 
thermal conductivity applying the laws described in Vosteen and 
Schellschmidt (2003). 

The layers in Equation (2) are in accordance with the crustal struc-
ture. The crustal structure is well known in the study area because the 
VRANCEA2001 deep seismic refraction profile (Hauser et al., 2007) 
coincides with the section shown in Fig. 1. The crustal structure and the 
thermal parameters are given in Table 1. The upper crust is built up of 
Paleogene and older sedimentary rocks units (including thin-skinned 
nappes and upper part of the Moesian microplate). The middle crust is 
granitic and granodioritic in composition whereas the lower crust is 
composed of gneiss and amphibolite (Hauser et al., 2007). The thermal 
conductivities and heat production rates are in line with the composition 
of the crust (Cermák, 1993) and agree with the values used by Andreescu 
et al. (2002) and Tiliță et al. (2018) who modelled crustal temperature 
distribution in the Transylvanian Basin. We estimated the effect of the 
uncertainty of the thermal parameters in the upper crust on the 
temperature-depth function. The mean values are characteristic for an 
average sedimentary rock composition; shaly and clayey sediments are 
characterized by lower thermal conductivity and higher heat production 
rate relative to the mean values, while sandstones and carbonates have 
higher thermal conductivity and lower heat production rate. The tem-
perature was calculated in the case of these two endmember lithologies, 
too. Variation of the middle and lower crustal thermal parameters do not 
affect the temperature in the upper crust, therefore only the mean values 
were used (Table 1). 

As the surface heat flow in the study area is generally moderate to 
low (40–45 mW/m2; Veliciu and Demetrescu, 1979; Demetrescu and 
Veliciu, 1991; Hurtig et al., 1992; Andreescu and Demetrescu, 2001; 
Tiliță et al., 2018) we carried out the calculation for these values. 

4. Results 

4.1. Isotopic ratio of the spring waters 

The measured δ2H and δ18O isotopic ratios of the gas-rich spring 
waters are expressed in permil (‰) versus SMOW (Standard Mean Ocean 
Water) and are presented in Table 2. Water samples from the Elvira-1 
spring, the spring adjacent to the Covasna creek, the spring located 
behind the Kőrösi Csoma Sándor Lyceum, the Comandău Forestry Office 
(Voinești) and one of the spring located in the Hankó valley (COV-HV22- 

Table 1 
Thermal parameters used in the calculation of the crustal temperature. Thermal 
conductivity is measured on 20 ◦C. The depth of the crust is based on Hauser 
et al. (2007), the thermal conductivity and heat production rates were taken 
from Vosteen and Schellschmidt (2003).   

Depth 
(km) 

Thermal conductivity 
(W/m/K) 

Heat production rate (10- 
6 W/m3) 

Upper crust 17 2.7 1 
Middle crust 27 3.1 1.5 
Low velocity 

zone 
35 3.1 0.2  
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2) (Fig. 3) show similar isotopic ratio (δ2H ~ − 70.0‰, δ18O ~ − 9.0‰). 
The δ2H and δ18O isotopic ratios of these waters coincides with the local 
meteoric water line determined by Ionete et al. (2015). Compared these 
springs to the other Hankó valley springs, the spring of the Benedek Géza 
Rehabilitation Hospital, the Elvira-2 salty water spring show more 
positive δ-values. The distribution of these values on a δ2H vs. δ18O 
diagram show a strong positive (R2 = 0.98) correlation (Fig. 3). The 
COV-HV19-3 sample presents the end of the local trendline (δ2H =
− 44.3‰ and δ18O = +3.12‰) (Fig. 3). The trendline is less steep and, 
therefore, differs from the evaporation trendline presented by Vaselli 
et al. (2002). The spring, located in the centre of Tamașfalău, shows 
lower δ-values compared to those of Covasna spring waters and also fell 
on the local meteoric water line. 

4.2. Gas composition 

The concentration of CO2, atmospheric components (N2, O2 and Ar) 

and noble gases (He and Ne) of the sampled dissolved gases are shown in 
Table 3. High compositional variability of the atmosphere components 
and CO2 can be observed. Sample COV-HV22-3 has the lowest CO2 
(43.6%) and highest N2 (44.6%) concentration, whereas sample COV- 
HV22-1 has the highest CO2 (80.7%) and lowest N2 (17.1%) concen-
tration. In contrast, He and Ne concentrations, excluding sample COV- 
HV22-3, show very similar and low composition (He: 0.88–2.15 ppm 
and Ne: 1.8–7.81 ppm). In COV-HV22-3 sample, the increase of these 
noble gas concentration (He: 2.67 ppm and Ne: 10.74 ppm) is observed 
compared to the other samples along with the highest quantity of at-
mospheric component (Table 3). 

4.3. Isotopic ratios of the gases 

The measured δ13C and 3He/4He isotopic ratios of the gas-rich spring 
extracted samples are shown in Table 4. The δ13C isotopic ratios of the 
dissolved CO2 are expressed in permil (‰) versus the V-PDB (Vienna Pee 
Dee Belemnite) and form a narrow range between − 2.0‰ and − 0.47‰ 
(Table 4). No relation between the δ13C isotopic ratios and the CO2 
concentration can be seen. The δ13C isotopic ratios show a weak nega-
tive correlation with the δ2H (R2 = 0.25) and δ18O (R2 = 0.29) isotopic 
ratios of the spring waters. 

The measured 3He/4He isotopic ratios of the collected gas samples 
(expressed in R/Ra; sample 3He/4He divided by the atmospheric 
3He/4He; Marty and Zimmermann, 1999) show narrow range (R/Ra =

1.54–1.55) with one outlier (COV-HV19-3; R/Ra = 1.42). All measured 
samples have very low 4He/20Ne values (0.27–0.72; Table 4) that were 
used during atmospheric correction calculations (equation (1)). The low 
4He/20Ne isotopic ratios will result in higher uncertainty. The corrected 
helium isotopic ratios (Rc/Ra) show a wider range in helium isotopic 
ratios. From these data only three values are satisfactory (COV-HV22-1, 
COV-HV22-2 and COV-KP22-1) and show a range of Rc/Ra = 1.88–2.45 
(Table 4). The error of the satisfactory Rc/Ra isotopic ratios was ±0.13. 
No correlation between the δ13C isotopic ratios and Rc/Ra can be 
observed. In contrast, the Rc/Ra isotopic ratios show strong positive 

Table 2 
δ2H and δ18O isotopic ratios, water conductivity together with the coordinates of the sampling localities. StDev = Standard Deviation.  

Location Sample code δ2H δ2H StDev δ18O δ18O StDev Water conductivity (μS) Coordinates 

Tamașfalău SZTF22 − 93.94 0.37 − 12.44 0.082 2350 45◦53′03.5″N 26◦07′00.3″E 
Comandău Forestry Office (Covasna) COV–F22 − 69.74 0.34 − 9.71 0.069 880 45◦51′10.9″N 26◦11′19.6″E 
Kőrösi Csoma Sándor Lyceum COV-KCSSL22 − 71.51 0.43 − 8.93 0.085 1808 45◦50′48.7″N 26◦10′10.1″E 
Adjacent to the Covasna creek COV-KISF22 − 74.29 0.42 − 10.11 0.082 643 45◦50′43.1″N 26◦12′33.9″E 
Elvira-1 spring (carbonated water) COV-KP22-1 − 69.77 0.36 − 8.40 0.058 1098 45◦50′43.3″N 26◦10′10.3″E 
Elvira-2 spring (salty water) COV-KP22-2 − 63.23 0.37 − 6.82 0.084 6160 45◦50′43.3″N 26◦10′10.3″E 
Benedek Géza Rehabilitation Hospital COV-BGRH22 − 39.53 0.04 6.18 0.042 17 800 45◦50′43.1″N 26◦12′33.9″E 
Hankó valley (Registered spring) COV-HV19-2 − 51.01 0.26 1.49 0.064 12 200 45◦51′12.2″N 26◦12′18.4″E 
Hankó valley (F1950 drill) COV-HV19-3 − 33.87 0.26 9.11 0.084 10 200 45◦51′14.7″N 26◦12′17.7″E 
Hankó valley (NE Bath) COV-HV22-1 − 52.70 0.27 − 2.41 0.077 1449 45◦51′14.2″N 26◦12′24.5″E 
Hankó valley (SW Bath) COV-HV22-2 − 71.57 0.26 − 10.26 0.060 665 45◦51′13.3″N 26◦12′22.1″E 
Hankó valley (small pond) COV-HV22-3 − 44.32 0.50 3.12 0.068 2300 45◦51′14.7″N 26◦12′17.7″E  

Fig. 3. Variation of δ2H vs. δ18O stable isotopic ratio plot after Sheppard 
(1986), and Yardley and Bodnar (2014) also showing the evaporation line 
(Vaselli et al., 2002), local meteoric water line (Ionete et al., 2015; Rozanski 
et al., 2013) and global meteoric water line (Rozanski et al., 2013). The studied 
spring water samples create a Covasna spring mixing water line. For compari-
son, published data on the Elvira spring (Elvira-1 spring; Vaselli et al., 2002) 
and δ2H and δ18O range of the ‘Registered’ spring in the Hankó valley 
(Cseresznyés et al., under review) are also presented. The water sample of 
Tamașfalău falls onto the local meteoric water line, but at a different position 
than the Covasna spring waters. SMOW = Standard Mean Ocean Water. 

Table 3 
Chemical composition of the sampled Covasna gases. NA = not analysed, ppm =
parts per million.  

Sampling site Sample 
name 

N2 

(%) 
O2 

(%) 
Ar 
(%) 

CO2 

(%) 
He 
(ppm) 

Ne 
(ppm) 

Hankó valley 
(NE bath) 

COV- 
HV22-1 

17.1 2.03 0.18 80.7 1.85 4.68 

Hankó valley 
(SW bath) 

COV- 
HV22-2 

17.1 4.60 0.21 78.1 2.15 3.30 

Hankó valley 
(small pond) 

COV- 
HV22-3 

44.1 11.8 0.53 43.6 2.67 10.7 

Elvira-1 spring 
(carbonated 
water) 

COV- 
KP22-1 

28.5 7.65 0.34 63.5 0.88 1.80 

Hankó valley 
(F1950 drill) 

COV- 
HV19-3 

NA NA NA NA 1.17 4.67  
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correlation with δ2H (R2 = 0.91) and δ18O (R2 = 0.97) isotopic ratios of 
the spring waters. 

5. Discussion 

5.1. Spatial distribution of the water and gas isotopic ratios 

5.1.1. Water isotopic ratios 
The similar δ2H and δ18O isotopic ratios of the studied waters from 

the Covasna Park and surrounding area, Forestry Office and the COV- 
HV22-2 sample from the Hankó valley fall onto the local meteoric 
water line and, therefore, they reflect the local groundwater composi-
tion (Fig. 3). Similarly to these springs, the spring of Tamașfalău falls 
onto the local meteoric water line yet has lower δ2H and δ18O isotopic 
ratios compared to the Covasna spring waters. The isotopic ratios of the 
Hankó valley (COV-HV19-2,3, COV-HV22-1,3) and the Benedek Géza 
Rehabilitation Hospital (COV-BGRH11) spring samples define a mixing 
line between the local meteoric waters (described above) and what is 
generally thought to reflect metamorphic waters (Evans et al., 2008). 
This mixing line differs from the evaporation trendline proposed by 
Vaselli et al. (2002) (Fig. 3). The difference is owed to the kinetic frac-
tionation that occurs during evaporation, whereas this process is absent 
during subsurface fluid mixing. Based on the isotopic ratios of the 
sampled springs (Table 2), a continuous enrichment in heavy isotopes 
(2H, 18O) can be observed from the Târgu Secuiesc Basin (i.e., Tam-
așfalău) towards the boundary with the Southeastern Carpathians (e.g., 
Hankó valley, Benedek Géza Rehabilitation Hospital). This trend is most 
likely linked with the topographically controlled westward underground 
water flow and eastward increase in fault frequency from the Târgu 
Secuiesc Basin towards its margin (Bandrabur, 1962). Therefore, spring 
waters at more elevated topographic positions (e.g., Hankó valley; 
~625 m) have more significant metamorphic isotopic signature than the 
springs located at lower topographic levels (e.g., Covasna Park and 
adjacent springs; ~570 m, see also Bandrabur, 1962). The metamorphic 
end member of the Hankó valley spring water (COV-HV19-3) originates 
from ~180 m depth (F1950 drill) that corresponds to the deeper 
groundwater levels (Bandrabur, 1962), where only a slight isotopic 
overprint by the groundwater can occur. Cseresznyés et al. (under re-
view) measured repeatedly the isotopic ratios of the COV-HV19-2 
registered spring located nearby the F1950 drill in the Hankó valley to 
study the seasonal variance and concluded that the δ2H and δ18O stable 
isotopic ratios of these waters are quasi constant in time with an average 
of δ2H = - 49.7 (±0.8) and δ18O = + 2.0 (±0.8) (Fig. 3). As the other 
Hankó valley springs (e.g., the F1950 drill) lie along the same fault as the 
COV-HV19-2 spring, it is likely that their δ2H and δ18O isotopic ratios 
show a similar constant isotopic ratio over time allowing us discard 
seasonal influence, at least in the investigated time period in all samples 
from the valley. 

5.1.2. Gas isotopic ratios 
The quasi homogenous δ13C isotopic ratios of Covasna gases 

(Table 4) suggest the same fluid evolution of the Covasna gases, whereas 
the large variability of δ18O assumes an isotopic exchange between H2O 
and CO2. Considering the observed small variations of the δ13C isotopic 
ratio, the elevated dissolved CO2 concentration (43.6–80.7%; Table 3) is 
more than sufficient to preserve their original values (Bräuer et al., 

2014), regardless of numerous other processes that may cause frac-
tionation of δ13C isotopic ratio in the CO2 gas (Mook and Rozanski, 
2000; Gwénaëlle Chaillou et al., 2014; Cseresznyés et al., under review). 
Elevated corrected helium isotopic ratios (Rc/Ra) (Table 4) suggest a 
deep origin for the upwelling fluids because elevated 3He ratios cannot 
originate from surface or subsurface processes (Niedermann, 2002). 
Furthermore, the high dissolved atmospheric air (N2, O2, Ar) content of 
some spring waters (Table 3) support a high atmospheric contamination 
that is also reflected by the low 4He/20Ne isotopic ratio (Table 3). As the 
water pump was always underwater during the dissolved gas sampling, 
it is logical to assume that the atmospheric contamination occurred 
during the subsurface shallow water mixing between the upwelling 
fluids and air-saturated groundwater. 

5.2. The origin of the covasna water and gases 

5.2.1. Upper mantle fluids 
The Covasna noble gases have an elevated 3He concentration (Rc/Ra 

= 1.88–2.44; Table 2) suggesting contributions of mantle fluids to the 
overall isotopic signature. These Rc/Ra isotopic ratios coincide with the 
results of Kis et al. (2019), reported for the emanations in the vicinity of 
the youngest Ciomadul volcano. In contrast to the Covasna gases, the 
Ciomadul gases are claimed to have (even if only partially) a magmatic 
origin (i.e., degassing of a presently situated lower crustal magmatic 
body may exist under the volcano; Kis et al., 2019). There are very 
similar δ13C and Rc/Ra isotopic ratios for Covasna and Ciomadul noble 
gases (later discussed in detail) even if the former location was associ-
ated with recently active volcanism and the latter was not. Kis et al. 
(2019) also acknowledged and discussed that deep, subduction related 
fluids may play role in the isotopic signatures found in the vicinity of the 
Ciomadul volcano. The authors considered mainly the role of magmatic 
sources in overprinting the original deep signature, but the impact of 
other crustal processes such as metamorphic products were excluded. 
Elevated mantle gas contributions in gases of springs and wells 
(compared to the atmosphere) in non-volcanic regions have been re-
ported from several locations worldwide including the Vardar zone of 
Serbia (Randazzo et al., 2021), Central Italy (Rogie et al., 2000), Naxos 
Island (Cyclades, Greece; Siebenaller et al., 2013), Western Anatolia 
(Mutlu et al., 2008), Lower Engadine Valley in Switzerland (Bissig et al., 
2006), San Andrea Fault (Kennedy and van Soest, 2007), and in the 
North China Craton (Chang et al., 2021). Besides the similarities in the 
Rc/Ra values, all these localities have a similar geodynamic background 
(e.g., subduction) in terms of deep-seated deformation zones that sup-
port deep-seated fluid upflow (e.g., Pili et al., 2011; Précigout et al., 
2019). In the shallow upper mantle, CO2 is one of the most abundant 
fluid components (Tingle and Green, 1987) due to the similar inert 
behaviour as helium. By combining the δ13C result of CO2 with the he-
lium isotopic ratio (Rc/Ra) on a δ13C vs. Rc/Ra diagram, we can deter-
mine the source region of both gases (Ciotoli et al., 2013). Our results 
fall onto the mantle-limestone mixing line (Fig. 5), even if the uncor-
rected helium isotopic ratios are used. This result assumes that, similar 
to helium, a subordinate amount of CO2 originates from the Earth’s 
mantle. This inference is also supported by the close similarity of the 
sampled δ13C gases (δ13C = − 2.0 to − 0.47) with the upper mantle δ13C 
isotopic ratio (− 5.2; Marty and Zimmermann, 1999). Besides the helium 
and CO2, we also discuss mantle H2O as the mantle source based on the 

Table 4 
Stable isotopic ratios of the sampled Covasna gases. R/Ra and Rc/Ra are the measured and corrected 3He/4He isotopic ratios of the sampled Covasna gases, respectively.  

Sample Sampling site δ13C R/Ra 
4He/20Ne Rc/Ra (satisfactory) Rc/Ra (discarded) 

COV-HV22-1 Hankó valley (NE bath) − 0.77 1.54 0.44 2.45 – 
COV-HV22-2 Hankó valley (SW bath) − 1.37 1.55 0.72 1.88 – 
COV-HV22-3 Hankó valley (small pond) − 0.84 1.52 0.27 – 196.79 
COV-KP22-1 Elvira-1 spring (carbonated water) − 0.55 1.54 0.54 2.10 – 
COV-HV19-3 Hankó valley (F1950 drill) − 2.00 1.41 0.28 – 46.23  
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active sinking slab beneath the Southeastern Carpathians. However, 
H2O, in contrast to helium and CO2, is more likely to be incorporated 
into the solid upper mantle and can be found as a major component of 
hydrous minerals (e.g., amphibole, mica) or as trace (component as H+) 
in nominally anhydrous minerals (e.g., olivine, pyroxenes) (e.g., Kovács 
et al., 2010; Demouchy and Bolfan-Casanova, 2016). The fingerprint of 
mantle H2O, compared to CO2 and helium has, therefore, a lower 
probability. Beneath the Southeastern Carpathians, mantle volatiles can 
originate at least from three different sources.  

(1) One source of mantle volatiles is the rapidly sinking Vrancea slab, 
characterized by either subducted oceanic crust or delaminated 
thick continental lithospheric mantle (e.g., Mațenco et al., 2007; 
Ferrand and Manea, 2021; Petrescu et al., 2021; Kovács et al., 
2021). The rapid sinking of the Vrancea slab can result in dehy-
dration and decarbonation phase transformation reactions of 
high pressure and temperature phases (amphibole, e.g., Niida and 
Green, 1999; or mica, Bucher and Grapes, 2011 and references 
therein). These reactions will release fluids into the mantle wedge 
above at various depths based on the stability of the 
volatile-bearing phases (e.g., Manning, 2004). In the subducted 
oceanic slab, the dehydration of subducted serpentinite bodies 
can be one important source for H 2O (Ferrand and Manea, 2021). 
Although structural and geochemical studies have questioned 
whether all serpentinite bodies of significant volumes could have 
formed and always transported to depths deeper than 100 km 
(Hermann and Lakey, 2021). In contrast, delamination of the 
continental lithosphere of the Moesian plate (Knapp et al., 2005; 
Petrescu et al., 2021; Borleanu et al., 2021) may well result in the 
decomposition of hydrous mantle minerals (e.g., amphibole, 
phlogopite) and carbonates. These minerals within the old 

Fig. 4. The sampled gases presented on a N2–O2–CO2/50 triplot compared with 
the southern Harghita Mountain emanating gases of Kis et al. (2019). The 
Covasna gases show high atmospheric contamination and therefore lie close to 
the ‘AIR’ end-member. 

Fig. 5. δ13C vs. Rc/Ra (corrected 3He/4He ratio) stable isotope plot (Ciotoli et al., 2013) presenting dissolved gases in spring waters from Covasna. For comparison, 
we highlight the δ13C and Rc/Ra isotopic ratios of CO2 and helium, respectively, from gas emanations in the Ciomadul area and springs (southern Harghita and 
Eastern Carpathians; Kis et al., 2019) and spring CO2 gases from SE Austria/NE Slovenia (Bräuer et al., 2016). Our studied Covasna samples overlap with the 
Ciomadul CO2 gases (Kis et al., 2019) and differ significantly from the SE Austria/NE Slovenia springs. MORB = Mid-ocean ridge basalt, V-PDB = Vienna Pee Dee Bee. 
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Precambrian basement and presumably continental lithospheric 
mantle can originate from metasomatic alteration occurring over 
long timescales (Griffin et al., 1999, 2009; Grégoire et al., 2003; 
Aulbach et al., 2017, 2020). The immediate increase in pressure 
and the delayed temperature increase in the subducted conti-
nental lithosphere (i.e., slab steepening and rapid sinking) 
destabilises the hydrous and carbonate phases and results in the 
release of CO2- and H2O-rich volatiles through subsolidus re-
actions or partial melting depending on changing P-T conditions 
(e.g., Green, 2015; Dasgupta, 2018).  

(2) The second potential mantle source of H2O- and CO2-rich fluids in 
the Southeastern Carpathians is the asthenospheric upwelling 
located in the hinterland of the subducted slab (Russo et al., 2005; 
Martin et al., 2006; Ren et al., 2012; Popa et al., 2012; Kind et al., 
2017). When compared with the first source, such a fluid carries 
an additional mantle signature as it is linked to presence of partial 
melt within the asthenosphere. In this view, the asthenosphere 
itself may be considered as a ‘mega magma chamber’. The age of 
the Perșani Mts. basalts (1.2–0.6 Ma; Panaiotu et al., 2013; 
Seghedi et al., 2016) proves the recent material transport from 
the asthenosphere into the upper lithosphere (e.g., Faccini et al., 
2020) and, thus, supporting the idea of a continuous, ongoing, 
asthenospheric fluid release. Cooling of a regional asthenospheric 
upwelling can also act as a source of mantle CO2 that carries a 
mantle signature (δ13C ~ − 5.2; R/Ra = ~6.1; Marty and Zim-
mermann, 1999; Gautheron and Moreira, 2002). This type of CO2 
differs from the metamorphic carbonate signature since its for-
mation is a result of the continuous crystallization of the small 
amount of partial melt present in the asthenosphere (Berkesi 
et al., 2019; Kovács et al., 2021).  

(3) The third potential source for fluids is the ambient lithospheric 
mantle, because in fluid inclusions of mantle xenoliths from the 
Perșani Mountain Volcanic Field significant amount of entrapped 
fluids were reported (Szabó et al., 2019; Lange et al., 2023). 
These fluid inclusions can have the potential to be mobilised 
during deformation. 

5.2.2. Origin of the crustal signatures 
To constrain the crustal source for the emanating CO2, we refer to the 

δ13C vs. Rc/Ra diagram (Fig. 5) to separate isotopic ratios derived from 
different crustal carbon-bearing source regions. As previously stated, 
our samples fall into the mantle-limestone mixing line (Fig. 5) and, thus, 
presume a dominantly carbonate-origin for the crustal CO2 (Ciotoli 
et al., 2013). The Covasna data show a strong similarity with the data of 
Kis et al. (2019) obtained for the nearby southern Harghita Mountains’ 
mineral waters (Fig. 5). We assume that the very similar evolution for 
the observed isotopic ratios can occur by crustal assimilation by deep 
fluids during fluid evolution (Ciomadul) and mixing of metamorphic 
and mantle fluid (Covasna). A significant deviation from the results of 
Bräuer et al. (2016) compared to the Ciomadul and Covasna data can be 
seen (Fig. 5). In case of the former a fast fluid upwelling from a mafic 
magma source (e.g., underplating) is assumed, where no or very small 
amount of crustal fluid addition occurs, consequently preserving the 
original mantle source in isotopic ratio. The more positive δ13C isotopic 
rations of the Covasna gases (δ13C = − 2.0 to − 0.47‰) compared to the 
average mantle δ13C isotopic ratio end member (− 5.2‰; Marty and 
Zimmerman, 1999) shows a shift towards more positive ratios indicating 
that the CO2 contribution derived from marine limestone, dolomite 
and/or calc-silicate sediments (e.g., carbonaceous siliciclasts). Such 
sediments can have significantly higher δ13C isotopic ratios than those of 
mantle CO2 (Sano and Marty, 1995). From these sediments, CO2 is 
released through decomposition of carbonate minerals (i.e. decarbon-
ation reaction) via, for example, fluid infiltration (e.g., Bissig et al., 
2006). Beneath the Târgu Secuiesc Basin, Palaeozoic and Mesozoic 
marine sediments, containing carbonates, are interpreted as being 
located in upper crustal (shallower than 20 km) position to form the 

upper part of the Moesian platform (Merten et al., 2010). The thickness 
of calc-silicates (3–14 km; Tari et al., 1997; Merten et al., 2010) justifies 
them as a source for the abundant crustal CO2. We assume that, similar 
to CO2, the majority of the sampled H2O is also released from a crustal 
source through dehydration reactions, consequently, carrying a meta-
morphic signature as observed for the easter Covasna spring waters 
(Table 2, Fig. 3). Metamorphic decarbonation and dehydration reactions 
occur at elevated temperature and pressure (Marty and Zimmerman, 
1999, Bucher and Grapes, 2011 and references therein). Our calculated 
depth-temperature curves (Fig. 6) for the Târgu Secuiesc Basin present 
low temperatures (400–450 ◦C) at the crust-mantle boundary, in 
agreement with the low heat flux of the Transylvanian Basin (Tiliță 
et al., 2018). Based on our calculated low temperatures and the stability 
field of the hydrous Ca-silicate minerals (e.g., Bucher and Grapes, 2011), 
we assume that it is very unlikely that fluid release in the crust occurred 
as a result of thermal breakdown. 

Carbon-dioxide and H2O release in the middle and lower crust is 
triggered by changing the composition of the intergranular fluids 
(Bucher and Grapes, 2011). The reactions under isothermal and isobar 
conditions are controlled by the X(CO2) of the intergranular fluid pri-
marily in a calc-silicate rocks (Bucher and Grapes, 2011 and references 
therein, Winter, 2014). Based on our temperature-depth curves, the 
present mid and lower crustal rocks (e.g., amphibolite, gneiss, assumed 
based on the study of Hauser et al., 2007) are presently found under 
greenschist – amphibolite facies conditions, precisely in a metastable 
state (Fig. 6/a). The CO2-rich fluid input (from the mantle into the lower 
crust) results in phase transformation of the hydrous minerals and leads 
to carbonisation of the mid and lower crustal rocks (Winter, 2014). This 
suggests that significant amounts of crustal H2O can be released from the 
mid and lower crustal rocks. During the breakdown of hydrous minerals 
various alkaline and halogen elements are also released into the fluid (e. 
g., Na, K, Cl) (e.g., Niida and Green, 1999; Groppo et al., 2022) resulting 
in an H2O–NaCl-(KCl)–CO2 fluid system. 

The upper crustal calc-silicate sediments of the Moesian platform (e. 
g., Tari et al., 1997; Merten et al., 2010) are situated in the 
prehnite-pumpellyite facies (Fig. 6/a). The lower positioned calc-silicate 
sediments (~15 km) are close to the prehnite-pumpellyite and greens-
chist facies boundary assuming metamorphic H2O release from hydrous 
minerals (Graham et al., 1983; Condit et al., 2020). This dehydration 
process is presumably the consequence of the thin-skinned nappe 
stacking (11-8 Ma, Mațenco, 2017; Ismail-Zadeh et al., 2012 and ref-
erences therein) that lead to the burial of the Moesian platform 
sediments. 

Likewise to the mid and lower crustal rocks, fluids in the upper crust 
can be released through fluid infiltration. Based on the mineral break-
down in the lower and mid crust, the composition of the penetrating 
fluid can be primarily described as a H2O–NaCl–CO2 system (Manning 
et al., 2013). A possible case for upper crustal CO2 release is when an 
H2O–CO2–NaCl fluid enters the carbonate sediments in the upper crust 
leading to carbonate dissolution, consequently releasing CO2 (Manning 
et al., 2013). The thickness of the Mesozoic-Paleozoic calc-silicates 
(carbonates, carbonaceous siliciclasts) beneath the Târgu Secuiesc Basin 
(5–18 km; Merten et al., 2010) makes these sediments a proper source 
for crustal CO2. Another virtual source for crustal CO2 is the uppermost 
flysch sediments as they contain high amounts of carbonate minerals 
(Roban et al., 2020). Compared to the Mesozoic-Palaeozoic carbona-
ceous sediments, the flysch can also contain high amounts of graphite 
and organic carbon compounds (e.g., hydrocarbon) (Roban et al., 2020). 
The release of CO2 from these carbon-bearing compounds would cause 
the shift of δ13C towards more negative values (Fig. 5) and, therefore, 
hinders the possibility to be the source of crustal CO2. Finally, the 
groundwater can carry CO2 from the atmosphere into the underground 
water system and with time dissolve further CO2. Based on the 
cold-water temperature of the gas-rich springs, the groundwater only 
reached shallow levels (presumably few 100 m) and did not have 
enough time to dissolve high amounts of CO2 (Barros et al., 2021). 
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Altogether, taking into account all the above considerations, the most 
suitable source region for the release of crustal CO2 is the lower part of 
the upper crust (Fig. 6/b). 

The low 4He/20Ne values of the sampled gases (Table 4, Fig. 7) 
indicate that the sampled gases are rich in atmospheric component, also 
supported by the week correlation between the Rc/Ra and dissolved N2 
concentration (Table 4). Several processes can increase the atmospheric 
signal. First, when deep fluids mix with shallow subsurface groundwa-
ters (Etheridge et al., 1983) carrying atmospheric noble gas isotope 
signals (e.g., Méjean et al., 2020). Second, when deep mixing (>3 km) 
occurs between deep-origin fluids and atmospheric gas-saturated 

subsurface waters (Méjean et al., 2020). A third scenario is that the 
mantle/lower crust source regions had initially a low 4He/20Ne ratio 
(Barry et al., 2015) and, thus, no interaction between subsurface waters 
of different origins is needed. The high crustal contribution of Covasna 
gases (e.g., based on the δ13C results) contradicts a potential low 
4He/20Ne ratio of the source region because the crust is associated with a 
high 4He value due to the alpha decay of U and Th (Sano and Marty, 
1995). The deep mixing of the fluids is inconsistent with the low tem-
perature of the gas-rich springs. Consequently, a shallow groundwater 
level mixing is assumed. This is supported by the δ2H and δ18O mixing 
line between the local meteoric water line and the metamorphic H2O 
(Fig. 3) together with the relevant spatial distribution of the mixing ratio 
(i.e., from the centre of the Târgu Secuiesc Basin towards its margin). 

5.2.3. Evolution of the deep-source fluids in the Târgu Secuiesc Basin 
The previous discussion envisages multiple sources for the Târgu 

Secuiesc Basin deep-origin fluids. The inherited deep signal (based on 
the Rc/Ra results) assumes fast fluid upwelling linked to the high tec-
tonic deformation rates and vertical differential movements (Sleep and 
Blanpied, 1992; Mațenco, 2017). Deep-seated deformation zones within 
the Moesian platform formed during the late-stage thick-skinned 
thrusting that took place in the Southeastern Carpathians (Merten et al., 
2010), which can increase fluid flux (Etheridge et al., 1983). These 
weakening zones are interpreted to continue down to the crust-mantle 
boundary, but whether they continue further down into the litho-
spheric mantle is an open question (Fig. 8). The presence of mylonite 
and ultramylonite textured upper mantle ultramafic xenoliths (Falus 
et al., 2008, 2011) from the nearby Perșani Mountain Volcanic Field 
strongly suggests that the deep-seated weakening zones are likely to 
continue into the lithospheric mantle and enhance mantle fluid flux as 
discussed below (Précigout et al., 2019). Therefore, the presence of 
lithospheric scale weakening zones in the Southeastern Carpathians 
provide a good mantle-to-surface connection, and thus supports a 
continuous fluid flow from the deep lithosphere to the surface. 

An overview of the deep fluid evolution beneath the Southeastern 
Carpathians is presented in Fig. 8/a. Mantle volatile-rich fluids may 
have various compositions (i.e., their CO2/H2O molar ratio or X(CO2)) 
based on their source region. At ambient mantle conditions, the volatile- 
rich fluids are dominantly CO2- and H2O-rich (>95 mol%, Green, 2015). 
This type of fluids can form a complete fluid miscibility with each other 
and with other volatile fluid components (e.g., noble gases, dissolved 
alkalis, e.g., Manning et al., 2013) and can also dissolve low amounts of 
silicate melt components (Sterner and Bodnar, 1991; Newton and 
Manning, 2008). Fluids from an asthenospheric source and from the 

Fig. 6. (a) Calculated temperature-depth curves for 40 and 45 W/m2 for the Târgu Secuiesc Basin together with the (a) metamorphic facies provinces (Bucher and 
Grapes, 2011) and (b) the most likely source regions for the crustal CO2 (yellow) and H2O (blue). Crustal layers are based on Hauser et al. (2007). The calculated 
temperature of the MOHO lies between 350 and 450 ◦C and corresponds to the upper greenschist facies conditions. UC: Upper crust, MC: Middle crust, LC: Lower 
crust. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Rc/Ra (corrected 3He/4He ratio) vs. 4He/20Ne diagram (modified after 
Sano and Wakita (1985)) with values of the Covasna spring gases in comparison 
with same isotopic ratios of Kis et al. (2019) from the southern Harghita 
Mountains. Black lines on the Covasna samples present the sample error. The 
Covasna gases show high similarity with the southern Harghita Mountains. 
Dashed lines represent different mixing lines between the mantle (R/Ra = 8.0; 
4He/20Ne = 1000), crust (R/Ra = 0.02, 4He/20Ne = 1000) and atmosphere. In 
case of the atmospheric end-member the R/Ra and 4He/20Ne isotopic ratios 
correspond to the dissolved air in 5 ◦C spring waters (R/Ra = 1, 4He/20Ne =
0.274). Mantle like fluid line was taken from Kis et al. (2019). The line of 
E-SCLM (European Subcontinental Lithospheric Mantle; R/Ra = 6.1 ± 0.9, 
4He/20Ne = 1000) was taken from Gautheron and Moreira (2002). 
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sinking Vrancea slab have a lower CO2/H2O molar ratio compared to the 
lithospheric mantle, which will increase when these fluids reach the 
shallow lithospheric mantle region. In case of an asthenospheric fluid, 
this increase is owed presumably to amphibole formation at the 
lithosphere-asthenosphere boundary (Green et al., 2010; Kovács et al., 
2021), whereas fluids from the sinking slab will mix with the increased 
CO2/H2O molar ratio fluids of the shallower lithospheric fluids. The 
strongly deformed lithospheric mantle will enhance fluid migration due 
to the CO2 incompatibility with silicate minerals (Shcheka et al., 2006), 
and will migrate along grain boundaries to the crust-mantle boundary 
(‘Primary mantle fluid’; Fig. 8/b). Additionally, the deep-seated weak-
ening zones also support mantle-derived fluid (‘Primary mantle fluid’) 
migration from the upper lithospheric mantle into the lower crust 
(Fig. 8/b). This is owed to the increased grain surface-to-volume ratio 
within the deformation zones compared to the neighbouring (unde-
formed or less deformed) zone accompanied with grain misfit structures 
(Précigout et al., 2019). The inflow of the mantle-derived CO2-rich fluids 
into the lower crust will consequently increase CO2 molar ratio of the 
lower crustal pore fluid and, therefore, initiate devolatilization meta-
morphic reactions of hydrous minerals (e.g., amphibole, mica) releasing 
metamorphic H2O-rich fluid (Newton, 1986; Winter, 2014). The dehy-
dration metamorphic reactions will consume significant amount of 
mantle CO2 and result in the formation of carbonate minerals (Winter, 
2014) within the lower crust. The released metamorphic H2O-rich fluid 
will have a high salinity due to the simultaneous release of alkalis (e.g., 

Na, K) and halogens (e.g., Cl) and mix with the mantle-derived fluids 
forming a new ‘hybrid fluid (I)’. The newly formed fluid will migrate 
further upwards along deep-seated deformation zones. In this stage of 
fluid evolution the ‘hybrid fluid (I)’ will dominantly represent a H2O–Na 
(K)Cl–CO2 system. The migration of the fluid in a ductile lower crustal 
regime is modelled by Sleep and Blanpied (1992), who proposed that a 
cycle of stress, earthquake/nappe movement and fluid migration occurs 
in the ductile lower crust supporting episodic fluid flow. The recent 
rapid evolution of the Southeastern Carpathians area assumes such a 
rapid cyclicity and could explain how fast fluid supply is provided from 
the lower crust into the upper-level carbonate bearing sediments. 
Furthermore, the frequent high magnitude mantle and crustal earth-
quakes initiated in the vicinity of the sinking Vrancea slab (Popescu 
et al., 2017; Ferrand and Manea, 2021) further destabilize the envi-
ronment and increases the grain surface misfit within the weakening 
zones. 

Multiple reactions can occur for the ‘hybrid fluid (I)’ after reaching 
the upper crustal carbonate-bearing sediments (including sediments of 
the thin-skinned nappes). The inter-grain H2O-rich fluid of the upper 
crustal carbonate-bearing sediments will shift the penetrating H2O–Na 
(K)Cl–CO2 fluid towards a higher H2O molar ratio resulting into ‘hybrid 
fluid (II)’. The enrichment of H2O will provide the opportunity for car-
bonate dissolution (Manning et al., 2013), therefore, supporting the 
release of crustal CO2. The CO2 release will shift the residual mantle δ13C 
isotopic ratio of the CO2 fluid towards a more positive crustal δ13C ratio 

Fig. 8. Cartoon showing the fluid evolution in the tectonic regime of the SE Carpathians. a: WNW-ESE cross section illustrating the fluid migration path from the 
upper mantle sources towards the lower crust (modified from Mațenco et al., 2007; Tiliță et al., 2018). The amphibole-rich layer is assumed based on Kovács et al. 
(2021). The 1–2% values around the sinking slab relate to the increase in seismic attenuation (Mațenco et al., 2007); b: fluid evolution near the boundary between the 
upper mantle and lower crust. The question mark relates to position and the continuity of the deep-seated deformation zones. The small figures (1-4) in b present the 
evolution of intergrain fluid. b/1 The CO2–H2O fluid gets trapped at grain triple junctions where (b/2) continuous amphibole crystallization takes place (b/3) 
relativly enriching the fluid in CO2. Due to the intensive stress in the active geodynamic region, the fluid eventually gets squeezed out and migrates towards the 
surface (b/4). Cpx = Clinopyroxene, Amph = Amphibole. 
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value. In addition, when CO2 dissolves as [CO3] in the ‘hybrid fluid (II)’ it 
will interact with Na and form Na-bicarbonate complex (Manning et al., 
2013). The facies of the water will therefore be a Na-bicarbonate type 
water with high CO2 content as determined for the Covasna spring 
waters (Vaselli et al., 2002; Cseresznyés et al., under review) and the 
surrounding region (Kis et al., 2020). 

The hybrid fluid (II)’ will eventually migrate towards the surface from 
the crystalline basement along weakening zones such as the thin- 
skinned nappe boundaries. Faults, like those found at the Târgu 
Secuiesc Basin margin, will further drive the fluid until it reaches the 
surface (Etheridge et al., 1983). Part of the fluids can mix near the 
surface with groundwater overprinting the δ2H and δ18O stable isotope 
values of H2O leading to the formation of ‘hybrid fluid (III)’. In summary, 
the fluid evolution in the Southeastern Carpathians is likely the result of 
the multistage tectonic and geological evolution of the collisional 
orogen. 

5.2.4. Volcanic versus deep-origin during ‘post magmatic’ activity 
In geodynamically active areas, simultaneous magmatic and non- 

magmatic (e.g., metamorphic) CO2 emanation can occur as it is 
assumed in the Southeastern Carpathians (Vaselli et al., 2002; Kis et al., 
2019). The latest eruption in the Eastern Carpathians was the Ciomadul 
volcano (last erupted ~ 28 ka; Karátson et al., 2019) that is ca. 50 km 
apart from the Târgu Secuiesc Basin. The emanating gases of the pre-
sumed Ciomadul magma chamber (Harangi et al., 2015; Laumonier 
et al., 2019) are described as a post-magmatic phenomenon and show 
similar δ13C and Rc/Ra isotopic ratios with the south-eastern Târgu 
Secuiesc gases (Fig. 5). Between the two regions numerous steep faults 
are found (Fielitz and Seghedi, 2005) and, therefore, it is unlikely that a 
direct fluid pathway connection exists between the two regions. Our 
study highlights that the similarity in the isotopic ratios in the two 
nearby areas (Fig. 5) is owed to the similar fluid evolution that can occur 
during magma evolution (e.g., crustal assimilation, fractionation) and 
spontaneous mantle degassing (i.e., primary mantle fluid went through 
crustal isotopic change). In addition, reverse contamination of the more 
evolved fluid can occur in the case of deep, residual fluid reservoirs or 
magma chambers through mantle fluid infiltration via deep-seated 
deformation zones (e.g., Fielitz and Seghedi, 2005). Such deep-seated 
deformation zones control magma transport (Fielitz and Seghedi, 
2005) and, consequently, also mantle fluids migration. Mantle fluid 
isotopic change and evolution can be also equally assumed in the case of 
the (deep) crustal fluid storage systems beneath Ciomadul volcano, 
providing an alternative explanation besides the preferred degassing 
magma chamber scenario (Kis et al., 2019; Molnár et al., 2018). This 
would suggest that mantle fluid continuously resupplies the deep crustal 
fluid storage systems while preserving features of the former fluid 
storage systems that can be observed via geophysical methods (Popa 
et al., 2012; Harangi et al., 2015). The degree of crustal fingerprint of the 
new upwelling mantle fluids remains an open question as the deep 
crustal fluid storage systems gets continuously overprinted by crustal 
fluids or newly released fluids via mineral phase transformations (e.g., 
decarbonation and devolatilization reactions) (Althaus et al., 2000; 
Vaselli et al., 2002). Nevertheless, our case study in the Târgu Secuiesc 
Basin shows that fluid emanations in the so called mofette aureola of the 
East Carpathian’s volcanic range (e.g., Airinei and Pricăjan, 1975; 
Vaselli et al., 2002; Kis et al., 2020) is complex as it includes multiple 
sources (the upper mantle, the lower crust and occasionally upper 
crustal sedimentary sequences) and active deformation zones and may 
not necessarily linked to active volcanism. 

5.3. A global outlook on deeply rooted CO2-rich surface fluid emanations 

Knowledge on the lithospheric mantle beneath the Southeastern 
Carpathians and on the surface-emerging volatiles in the southeastern 
part of the Târgu Secuiesc Basin defines the deep and surface chemical 
end-members, respectively (e.g., Falus et al., 2000, 2008; Italiano et al., 

2017; Kis et al., 2020). Similar mantle-to-surface relationships through 
lithospheric deformation zones have been proposed for fluid emanations 
in various tectonic settings globally (e.g., Bissig et al., 2006; Kennedy 
and van Soest, 2007; Mutlu et al., 2008; Pili et al., 2011; Barros et al., 
2021; Chang et al., 2021; Zhang et al., 2021). The firstly observed 
similarity of the above listed regions with the Târgu Secuiesc Basin is the 
strong spatial relationship of the deep-origin signals of the fluid ema-
nations and deep-seated deformation zones. Furthermore, deep-seated 
and steeper deformation zones may provide faster fluid migration 
paths, hence, mantle derived fluid signals could be better detected (e.g., 
Bräuer et al., 2016; Vauchez et al., 2012; Randazzo et al., 2021). 
Nevertheless, regardless of the tectonic setting, the migration of the 
fluids is always controlled by the deep-seated deformation zones 
whether they are released by higher temperature reactions (e.g., the 
formation of wollastonite above 600 ◦C; Bucher and Grapes, 2011) or 
fluid-induced decarbonation (e.g., Kerrick and Caldeira, 1998). Studies 
in several regions explain the importance of H2O-rich fluids in the 
release of crustal CO2 (e.g., Kerrick and Caldeira, 1998; Barros et al., 
2021) and show, again, a similar behaviour with the Târgu Secuiesc 
Basin. 

The existence of mylonitic mantle xenoliths from the Perșani 
Mountains Volcanic Field in the close vicinity of the Târgu Secuiesc 
Basin (Falus et al., 2008, 2011) gives an excellent insight into the upper 
mantle and probably lower crustal deformations (Vauchez et al., 2012). 
These deformation signs support continuation of deformation zones 
from the ductile upper mantle and lower crust into brittle, 
fault-dominated upper crust (Vauchez et al., 2012). This connection may 
explain the fast fluid upwelling leading to stronger mantle fluid signa-
tures in the gas-rich springs of the Southeastern Carpathians, San 
Andreas Fault (Kennedy and van Soest, 2007) and the eastern Alps 
(Bräuer et al., 2016). Additionally, multiple deep-seated deformation 
zones can increase mantle volumes affected by deformation and also 
increase the amount of released fluids from the upper mantle (Vauchez 
et al., 2012). Reactivation of shear zones in the upper crust (above the 
brittle-ductile deformation boundary) along the deep-seated deforma-
tion zones can be traced by seismicity and can be triggered by the 
accumulated fluid pressure (e.g., Lemonnier et al., 1999). The presence 
of these weakening zones further support fluid mobility even when the 
deformation events cease or weaken (Chang et al., 2021). Therefore, 
constant CO2 emanation can postdate the deformation event itself 
(Chang et al., 2021), especially when reactivation of the faults and 
ductile deformation zones in the upper crust and lower lithosphere, 
respectively, occurs (e.g., Sleep and Blanpied, 1992). As frequent 
intermediate-depth earthquakes are observed in the deep-seated defor-
mation-bearing areas (e.g., Himalayas, Lemonnier et al., 1999) it is 
reasonable to assume that variations in the surface gas emanations prior 
to larger earthquakes could act as earthquake precursors (Szakács, 2021; 
Kovács et al., 2021). 

6. Conclusions 

Carbon-dioxide-rich mineral waters and their dissolved gases have a 
combined metamorphic and presumably mantle origin in the Târgu 
Secuiesc Basin. These signatures are related to the fast fluid upwelling 
and high deformation rate that characterise the recent geodynamic 
evolution of the Southeastern Carpathians. 

The CO2-rich fluids show complex multistage origin including pro-
cesses from the upper mantle to the surface. In a succession of steps, each 
of them contributing to the changes of the chemical and isotopic sig-
natures of the surface-emerging fluids. The primary inflow of presum-
ably CO2-rich fluids into the lower crust results in dehydration 
metamorphic reactions, during which the majority of the mantle CO2 is 
consumed. The newly released metamorphic H2O (+ alkalis and halo-
gens) and residual mantle CO2 migrate to the upper crust penetrating 
carbonate bearing sedimentary crustal rocks. As a result of fluid-solid 
interaction carbonate minerals get dissolved enriching the fluid in 
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crustal carbonate component. The most important crustal carbon source 
may be the calc-silicates (carbonates, calcareous siliciclasts) found in the 
upper Moesian platform, but the presence of the carbonates-bearing 
flysch sediments cannot be ruled out. Additionally, when CO2 is dis-
solved as [CO3

2− ], it interacts with Na forming Na-bicarbonate com-
plexes that will eventually define the gas-rich spring water facies of the 
Târgu Secuiesc Basin. 

Finally, the deep fluid signature (i.e., elevated Rc/Ra ratio and 
metamorphic H2O) is strongly controlled by the position of the gas-rich 
spring with respect to the faults of the Târgu Secuiesc Basin margin. The 
isotopic overprint by deep fluid mixing with the shallow underground 
water is weakened in the vicinity of the faults and elevated topography, 
whereas it is strengthened towards the basin where faults are absent on a 
lower topography. 

Our results highlight the importance of deep upper mantle fluids in 
the generation of surface CO2-rich emanations and reveal the impor-
tance of interconnection between upper mantle and lower crustal ductile 
deformation zones and upper crustal faults. Carbon dioxide-rich surface 
emanations are not necessarily related to active volcanic or post- 
volcanic activities but can also be present in tectonic settings with 
active lithospheric scale deformations without any surface manifesta-
tion of contemporaneous volcanism or post volcanic activity. These 
focused or more diffuse CO2-rich emanations in actively deforming areas 
must also be considered when the global quantitative CO2 emission is 
estimated. 
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Bräuer, K., Geissler, W.H., Kämpf, H., Niedermannn, S., Rman, N., 2016. Helium and 
carbon isotope signatures of gas exhalations in the westernmost part of the 
Pannonian Basin (SE Austria/NE Slovenia): evidence for active lithospheric mantle 
degassing. Chem. Geol. 422, 60–70. 

Bucher, K., Grapes, R., 2011. Petrogenesis of Metamorphic Rocks. Springer Science & 
Business Media. 

Bucher, K., Grapes, R., 2011. Petrogenesis of Metamorphic Rocks. Springer Science & 
Business Media. 

Buttitta, D., Capasso, G., Paternoster, M., Barberio, M.D., Gori, F., Petitta, M., Picozzi, M., 
Caracausi, A., 2023. Regulation of deep carbon degassing by gas-rock-water 
interactions in a seismic region of Southern Italy. Sci. Total Environ. 897, 165367. 

Caracausi, A., Sulli, A., 2019. Outgassing of mantle volatiles in compressional tectonic 
regime away from volcanism: the role of continental delamination. Geochem. 
Geophys. Geosys. 20 (4), 2007–2020. 

Cermák, V., 1993. Lithospheric thermal regimes in Europe. Phys. Earth Planet. Inter. 79, 
179–193. 

Chaillou, G., Couturier, M., Tommi-Morin, G., Rao, A.M., 2014. Total alkalinity and 
dissolved inorganic carbon production in groundwaters discharging through a sandy 
beach. Procedia Earth Planet. Sci. 10, 88–99. 

Chang, L., Ying, L., Zhi, C., Zhaofei, L., Yuanxin, Z., Le, H., 2021. Fluid Geochemistry 
within the North China Craton: Spatial Variation and Genesis. Geofluids, 2021.  

Chapman, D.S., Furlong, K.P., 1992. Thermal state of the continental crust. In: 
Fountain, D.M., Arculus, R., Kay, R.W. (Eds.), Continental Lower Crust. Elsevier, 
Amsterdam, pp. 179–199. 

Chiodini, G., Cardellini, C., Amato, A., Boschi, E., Caliro, S., Frondini, F., Ventura, G., 
2004. Carbon dioxide Earth degassing and seismogenesis in central and southern 
Italy. Geophys. Res. Lett. 31 (7). 

Ciotoli, G., Etiope, G., Florindo, F., Marra, F., Ruggiero, L., Sauer, P.E., 2013. Sudden 
deep gas eruption nearby Rome’s airport of Fiumicino. Geophys. Res. Lett. 40 (21), 
5632–5636. 
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shales rich audia formation, Tarcău nappe, eastern Carpathians: genetic significance 
and sedimentary palaeoenvironments. Cretac. Res. 38, 52–67. 

Rogie, J.D., Kerrick, D.M., Chiodini, G., Frondini, F., 2000. Flux measurements of 
nonvolcanic CO2 emission from some vents in central Italy. J. Geophys. Res. Solid 
Earth 105 (B4), 8435–8445. 

Rozanski, K., Araguás-Araguás, L., Gonfiantini, R., 2013. Isotopic Patterns in Modern 
Global Precipitation. https://doi.org/10.1029/gm078p0001. 

Russo, R.M., Mocanu, V., Radulian, M., Popa, M., Bonjer, K.P., 2005. Seismic attenuation 
in the Carpathian bend zone and surroundings. Earth Planet Sci. Lett. 237 (3–4), 
695–709. 

Saintot, A., Stephenson, R.A., Stovba, S., Brunet, M.F., Yegorova, T., Starostenko, V., 
2006. The evolution of the southern margin of eastern Europe (eastern European and 
scythian platforms) from the latest precambrian-early palaeozoic to the early 
cretaceous. Geological Society, London, Memoirs 32 (1), 481–505. 

Sano, Y., Marty, B., 1995. Origin of carbon in fumarolic gas from island arcs. Chem. Geol. 
119 (1–4), 265–274. 

Sano, Y., Wakita, H., 1985. Geographical distribution of 3He/4He ratios in Japan: 
implications for arc tectonics and incipient magmatism. J. Geophys. Res. Solid Earth 
90 (B10), 8729–8741. 
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