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A B S T R A C T   

Passive rift systems are often characterized by CO2 degassing, witnessed by the presence of mineral and thermal 
springs, bubbling pools, mofetes. Despite these field manifestations, the quantitative estimation of the CO2 
budget released to the atmosphere from these geodynamic structures is not well constrained. Here, we examine 
the chemistry of 169 springs, the isotopic composition of the dissolved carbon (δ13CTDIC) of 33 springs and the 
dissolved gases composition of 6 springs from the French Massif Central, part of the European Cenozoic Rift 
System (ECRIS), in order to describe the CO2 degassing process and to compute the CO2 emission rate released 
from groundwaters at regional scale. Water-gas-rock models reveal that the separation of gas from the liquid 
phase occurs at P-T conditions between 10 bar-180 ◦C and 1 bar-10 ◦C. The carbon mass and isotopic balance of 
spring waters of the French Massif Central allow us to compute a total deeply-sourced CO2 emission rate of 1.52 
± 0.14 × 109 mol yr− 1, suggesting that the CO2 release from passive rift systems is significant at global scale and 
should be considered in the present-day global Earth degassing budget. The comparison of our data to other 
continental rift systems shows a high variability of CO2 emission rates, highlighting that more detailed studies 
are needed to constrain the CO2 flux from this geodynamic setting that, at present, is likely underestimated.   

1. Introduction 

Continental rifts, where the lithosphere is thinned by tectonic ac
tivity (Brune et al., 2023), are thought to be large CO2 emitters (Kerrick, 
2001) and could play an important role in the long-term carbon cycle 
and the related climate changes (Brune et al., 2017). However, due to 
the relatively low number of investigated areas (Brune et al., 2017), 
global estimates of the CO2 emissions from these geodynamic settings 
are likely affected by large uncertainties. Some regional-scale estima
tions of the CO2 emission have been completed in some active rifts, in 
particular in the East African Rift System (EAR; Lee et al., 2016; Hunt 

et al., 2017), yet few data are available for passive rift structures. In 
addition, the different estimates of the total CO2 emission for EAR 
demonstrate great uncertainty. In particular, Lee et al. (2016) computed 
a CO2 emission rate of about 9 × 1010 mol yr− 1 for the Magadi-Natron 
Basin (eastern branch of EAR) and, extrapolating this value, estimated 
a CO2 emission rate of 0.9–2.4 × 1012 mol yr− 1 for the entire EAR 
eastern branch. Meanwhile, Hunt et al. (2017) estimated a CO2 emission 
rate of 1.2–9.9 × 1010 mol yr− 1 from the central and northern sectors of 
the Main Ethiopian Rift (northernmost EAR system) and extrapolated an 
emission rate of 0.9–7.4 × 1011 mol yr− 1 for the entire eastern branch of 
the EAR rift. These estimates range over one order of magnitude. 
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Quantitative estimations of CO2 degassing are even more rare for 
passive rift systems and usually refer only to relatively small areas (e.g., 
the Escarot gas seep, Gal et al., 2018). 

In this work, we focus on CO2 degassing from the French Massif 
Central, which is located in central southern France and is part of the 
European Cenozoic Rift System (ECRIS, Fig. 1). ECRIS is a passive rift 
structure that crosses the central and western Europe for about 1100 km, 
from the Alpine foreland to the North Sea coast. The development of the 
ECRIS is related to the built-up of the Alpine and Pyrenean orogens 
(Dèzes et al., 2004), that induced lithospheric buckling, basin inversion, 
local intrusions of sodic magmas derived by variable degrees of mantle 
partial melting (Wilson and Downes, 2006), crustal thinning and 
numerous volcanic events in the European foreland. Even though the 
rifting stage of ECRIS ended in the Early Miocene (Michon and Merle, 
2001), ECRIS is still affected by an ongoing degassing process, as evi
denced by the presence of numerous bubbling pools, mofetes and CO2- 
rich springs (Fouillac, 1983). 

The chemical-isotopic composition of groundwaters (e.g. Pauwels 
et al., 1997) and of the free gas phase from bubbling mineral springs and 
mofetes of the French Massif Central (e.g.; Matthews et al., 1987; Bräuer 
et al., 2017) indicates a significant contribution of mantle-derived he
lium and carbon (Matthews et al., 1987; Battani et al., 2010; Bräuer 
et al., 2017). Nevertheless, the magnitude of the degassing process has 
rarely been quantified and only at a very small spatial scale. Aeschbach- 
Hertig et al. (1999) computed a mantle-related CO2 emission rate of 1.7 
± 0.6 × 106 mol yr− 1 at Lac Pavin, a volcanic lake of 0.44 km2; Gal et al. 
(2018) estimated 1.8 ± 0.4 × 108 mol yr− 1 of deep seated CO2 released 
through soil degassing from the 0.052 km2 “Escarot” gas seep; Her
mansson et al. (1991) computed a CO2 flux of 7.82 × 106 mol yr− 1 km− 2 

through diffuse soil degassing from a not well specified granitic area of 
the French Massif Central. 

The aim of this work is to investigate and quantify the deeply-derived 
CO2 transported by the French Massif Central groundwaters, in an area 
which extends from Vichy to the north to Chaudes-Aigues to the south 
(Fig. 2). The area has been selected based on the high number and 
density of CO2-rich springwaters. 

In the following sections we consider the chemical and the isotopic 
composition of groundwaters and the chemical composition of dissolved 

gases of the French Massif Central in order to propose different models 
that can explain the degassing process affecting the studied waters and 
to compute the deeply derived CO2 emission rate on a regional scale. 

2. Geological and hydrogeological setting of the study area 

The French Massif Central (Fig. 1a) is the largest magmatic province 
of the western ECRIS (Michon and Merle, 2001; Fig. 1b) and consists of 
an uplifted plateau of Hercynian metamorphic and plutonic rocks 
(Downes et al., 2003), upon which Cenozoic volcanics are super
imposed. The volcanic activity occurred from the Late Eocene to the 
Holocene, involving both fissure eruptions and central volcanoes 
(Downes et al., 2003). The study area (Fig. 2) is located in the central 
part of the French Massif Central and includes i) the western (main) 
sector of the French Massif Central volcanoes, from north to south: 
Chaîne des Puys, Monts Dore, Cézallier and Cantal, ii) the sedimentary 
Limagne Graben and iii) the metamorphic Combrailles region. 

Monts Dore and Cantal are both central volcanoes. Cantal (2800 km2, 
Reubi and Hernandez, 2000) is the largest and oldest stratovolcano of 
the Tertiary alkali province of France (Reubi and Hernandez, 2000) and 
was active between 11 and 2 Ma (Reubi and Hernandez, 2000). It gave 
rise to a wide range of magmatic compositions, from the oldest basanitic 
lavas, followed by trachyandesitic breccias (which represents the largest 
part of the volcanic edifice) to the youngest basaltic plateaus (Reubi and 
Hernandez, 2000). The younger Monts Dore massif (500 km2, Nomade 
et al., 2014) is located northward the Cantal and was active between 3.1 
Ma and 200 ka (Nomade et al., 2014). It consists of two volcanic edifices 
(the Guéry and the Sancy, Nomade et al., 2014) and the associated 
petrologic composition includes basaltic, tephritic, phonolitic, tra
chyandesitic and rhyolitic composition (Nomade et al., 2014). The 
Cézallier province is a basaltic plateau limited by the Monts Dore and 
the Cantal volcanoes. It formed between 8 and 3 Ma and consists in a 
stack of lava flows associated with scoria cones and phreatomagmatic 
deposits (Nehlig et al., 2003). Trachyphonolitic intrusions also occurred 
(Nehlig et al., 2003). The Chaîne des Puys extends northward the Monts 
Dore and consists of a 30 km-long volcanic chain with a N-S orientation, 
constituted by about 80 aligned monogenetic cones associated to alka
line intraplate magmatism (Maury et al., 1980; Merle et al., 2023). 

Fig. 1. a. Location of the French Massif Central in the European Cenozoic Rift System. Solid barbed line outlines the Variscan deformation front; stippled barbed lines 
symbolize the Alpine deformation front (after Dèzes et al., 2004). b. Simplified geological map of the French Massif Central (modified after Michon and Merle, 2001; 
Nehlig et al., 2003). Main degassing areas are highlighted through white stars. Figures also show main fault systems (black line), rift-related sedimentary basins 
(yellow), Variscan massifs (brown) and volcanic fields (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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The hydrological setting of these volcanic areas is characterized by 
shallow aquifers hosted in the alkaline volcanics that overlie a lower 
aquifer hosted in the Variscan basement, mainly made by orthogneiss, 
paragneiss and granites. The water circulation is driven by NE-SW or N-S 
fault systems inherited from the Hercynian period (and reactivated 
during the rifting stage, Michon and Merle, 2001) or by fractures 
resulting from the caldera. In the Cantal and Monts Dore provinces, 
meteoric waters infiltrate at 1400–1600 m a.s.l. and circulate first 
through the volcanics, then in the underlying basement (Bérard et al., 
2002a, 2002b). Where they emerge, groundwaters are both thermal and 
cold, reaching a maximum temperature of 82 ◦C (Source du Par, 
Chaudes-Aigues). In the Monts Dore, structural control is given by the 
so-called Haute-Dordogne caldera fault (Pauwels et al., 1997), along 
which mineral springs of the Dordogne Valley issue. In the Cantal, the 
water follows the main and secondary drainages, given by rock folia
tions, fissures, fractures and secondary horizons with distinct perme
ability (e.g., low-permeable quartz and microgranites veins, which cut 
the gneissic and schistose Cantal basement and control the hydrology, 
Bérard et al., 2002b). At Cézallier, mineral springs emerge from the 

deeply fractured Variscan basement (Casanova et al., 1999), here made 
of ortho- and paragneiss, amphibolites and migmatites (Nègrel et al., 
2000). In the Chaîne des Puys, water flows down through the volcanic 
edifices and lava flows due to their high permeability and accumulates 
at the interface between the volcanics and the less permeable crystalline 
basement, which act as a substratum (Aumar, 2022). The water circu
lation is strongly dictated by the orientation of paleo valleys and 
Variscan faults (Merle et al., 2023). The Chaîne des Puys lava flow de
posits define two main aquifers: the northern system, where water flows 
with a NE-SW direction; the southern aquifer, where the circulation 
occurs with a NW-SE direction (Merle et al., 2023). The Limagne basin is 
the main semi-graben of the French Massif Central. It extends in the 
northern part of the region and exhibits a N-S orientation. This rift- 
related basin is permeated by large scale normal faults that caused the 
envelopment of sub-basins within the main graben and drives fluid 
circulation. Here, mineral springs occur along the Allier valley, at Vichy 
basin and Sainte-Marguerite, and along the Aigueperse fault. The ma
jority of the Limagne basin waters are thermal and clearly show a high 
CO2 content (Michard et al., 1976), demonstrated by the presence of 

Fig. 2. Location of the sampling points and simplified geological and structural setting of the study area. The shape of the symbol identifies each group; full colour 
symbols are springs; white symbols are wells. Geological and structural setting is modified after Michon and Merle (2001) and Nehlig et al. (2003). 
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bubbles where the springs issue. For Vichy basin, Michard et al., 1976 
suggest a water circulation through the granitic basement, where ther
mal features are acquired and a consequent rise through faults and 
fractures cutting both the basement and the sedimentary cover. The 
sedimentary deposits at Vichy basin can also act as shallow aquifers 
(Michard et al., 1976). Both at Sainte-Marguerite and along the Aigue
perse fault the circulation is controlled by the fault system and water 
circulates through the granites of the basement but also interact with the 
sedimentary cover (Battani et al., 2010; Millot et al., 2007). In the 
metamorphic Combrailles region, mineral springs occur at Châteauneuf- 
les-Bains. These thermal waters, of meteoric origin, directly emerge 
from the granitic, highly fractured basement, where they acquire the 
mineralization (Bertin et al., 2003). 

3. Materials and methods 

3.1. Groundwater sampling and analysis 

Groundwater from 29 springs (Supplementary material 1) were 
collected in 2006, 2009, 2010 and 2021. Temperature, pH, Eh and 
electrical conductivity were measured directly in the field by using 
WTW pH-Eh/cond 3320 multi-meter. The HCO3

− content was measured 
in the field, through acid titration with HCl 0.01 N, using methyl orange 
as indicator (error = 1%). Dissolved silica was determined by standard 
colorimetric method in the field. Water samples for chemical and iso
topic (δD, δ18O) analyses were collected in 100 mL polyethylene bottles. 
The water aliquot for anion determination was filtered through 0.45 μm 
membrane filters while the water aliquots for cations were filtered and 
immediately acidified with 1% of 1:1 diluted HCl. Water samples for the 
determination of isotopic composition of total dissolved inorganic car
bon (δ13CTDIC) were collected in 1000 or 500 mL polyethylene bottles, 
depending on the expected bicarbonate content. The dissolved carbon 
was precipitated directly on field as SrCO3, by adding SrCl2 and NaOH to 
the water sample. The precipitated carbonates were filtered, washed 
with distilled water and dried in an N2 atmosphere. Dissolved gases 
(CO2, N2, O2, Ar, He) were sampled on 6 springs (samples 26, 30, 70, 72, 
114, 121) using pre-evacuated 250 ml glass vials equipped with a three- 
way glass valve or a Thorion valve, filling the sampler up to 65–80% 
(Vliq) of its volume (Vtot), following the methodology described by 
Chiodini (1996) and Caliro et al. (2005). 

Major dissolved ions were determined at the geochemical laboratory 
of the Department of Physics and Geology of Perugia University. Ca and 
Mg concentrations were determined by atomic absorption (AA) flame 
spectroscopy while Na, K and Li were determined by atomic emission 
(AE) flame spectroscopy, using an IL 951 AA/AE spectrometer. Cl, SO4, 
NO3 and F were determined by ion chromatography, using a Dionex DX- 
120 Ion Chromatograph. Carbon, oxygen and hydrogen isotopes ana
lyses were performed by means of standard mass spectrometry tech
niques at the Geochemistry Laboratory of the Istituto Nazionale di 
Geofisica e Vulcanologia-Osservatorio Vesuviano (INGV-OV) Napoli, 
using a Finnigan Delta plusXP continuous flow mass spectrometer (MS) 
coupled with a GasbenchII device (GBII) (analytical errors: δD ± 1‰, 
δ18O ± 0.08‰ and δ13C ± 0.06‰). Isotopic compositions are given in 
δ‰ notation per mill versus V-PDB for carbon and versus V-SMOW for 
oxygen and hydrogen. The dissolved gas phase, separated in the head
space of the vial (Vgas = Vtot-Vliq), was analyzed by a gas chromatograph 
equipped with a Thermal Conductivity (TCD) detector, according to 
Chiodini (1996) and Caliro et al. (2005), using He as carrier gas. The 
partial pressure of each gas species (CO2, N2, O2, Ar and CH4) was 
determined with reference to standards at different pressures. Helium 
partial pressures were determined in the same injection by a leak de
tector (detection limit 0.00015 mbar). 

3.2. The geochemical database 

The data collected in this study (29 springs, Supplementary material 

1) were integrated with bibliographic data, producing a dataset (Sup
plementary material 1) containing the chemical analysis of 169 samples 
(149 springs and 20 wells), the water isotopic composition of 85 sam
ples, the carbon isotopic composition of 33 samples and the dissolved 
gas composition of 6 samples. The analytical error, evaluated checking 
the charge balance, is lower than 2% for 59% of the samples and is about 
3.2% on average. The flow rates of all sampled springs (Supplementary 
material 1) were measured on site measuring the time necessary to fill a 
50L container (error 10%), with the exception of Grand Barbier 2 
(sample 58) and Volvic (sample 83), which are bottled for drinking, and 
five springs from Vichy (sample 122, 125–127, 131), that are used for 
both spa and drinking. The flow rate of Grand Barbier 2 was estimated 
from production data (Bérard et al., 2002a) and the flow rate of Volvic 
and Vichy springs are measured and publicly displayed by the man
agement companies on tables placed at the entrance to the spas/bottling 
plant. Finally, for literature data we considered the flow rate reported in 
the original works (Supplementary material 1). 

3.3. Aqueous speciation and geochemical modelling 

The speciation of the solutions, the total dissolved inorganic carbon 
(TDIC), the partial pressure of carbon dioxide (pCO2), and saturation 
indexes of the studied water were computed through the PHREEQC 
version 3 code (Parkhurst and Appelo, 2013), using the llnl.dat ther
modynamic database (Delany and Lundeen, 1990; Wolery, 1979; 
Wolery, 1992; Wolery and Jarek, 2003). 

The PHREEQC version 3 code has been used also to compute three 
theoretical models describing the evolution of an infiltrating water that 
interacts with a deep gas phase and with the host rocks, following the 
methodology described by Caliro et al. (2005). 

4. Results and discussions 

4.1. Chemical composition of waters 

Springs and wells are characterized by temperatures ranging be
tween 4.2 and 82 ◦C and total dissolved solids (TDS) between 24 and 
9694 mg L− 1, with almost half of samples (44%) showing TDS higher 
than 5000 mg L− 1. The majority of springs exhibit low flow rates (⁓ 1 L 
s− 1 on average). The total water flow discharged from the sampled 
springs is about 0.58 m3 s− 1, which is a significant fraction of the total 
water circulating in the French Massif Central aquifers (e.g. the amount 
of water circulating in the volcanic aquifers is estimated to be 1.27 m3 

s− 1 by Maréchal and Rouillard, 2020). Almost all the analyzed waters 
are acidic, with pH ranging from 3.39 to 7.85 (average pH ⁓ 6.4). The 
most acidic waters are “La Sulfureuse” and Lavina Edembouche springs, 
both located on the Puy de Sancy (Monts Dore) at about 1600 m a.s.l., 
characterized by a pH of 4.00 and 3.39 respectively. 

The Langelier-Ludwig diagram (Fig. 3a) and the SO4-Cl-HCO3 dia
gram (Fig. 3b) show that the majority of the investigated waters (66%) 
are bicarbonate-alkaline waters, 26% are bicarbonate-earth alkaline 
waters and only 8% show a chloride-alkaline or Earth-alkaline compo
sition. The high HCO3 content of the majority of samples suggests that 
the main water-rock interaction processes (e.g. volcanic glass dissolu
tion and incongruent dissolution of silicate minerals) are related to the 
first dissociation of the carbonic acid. Fig. 3a also highlights that the 
French Massif Central waters are characterized by an high chemical 
variability due to several processes, such as i) mixing between a deep 
mineralized component and freshwater, as in the case of Monts Dore 
waters (Pauwels et al., 1997) and Cézallier springs (Vuataz et al., 1987; 
Nègrel et al., 2000); ii) circulation in different lithotypes (metamorphic 
basement, volcanics and sedimentary formations), as described in sec
tion 2. and iii) distinct degree of the water-rock interaction (Millot et al., 
2007). 

Most of the bicarbonate-alkaline waters (i.e. Cézallier, Combrailles, 
Saint-Nectaire) circulate in the metamorphic basement. Vichy waters, 
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that constitute a cluster close to the top-right vertex of Fig. 3a, represent 
a much more complex case. In fact, as described by Michard et al., 1976, 
these waters equilibrate with quartz and K-feldspar in the granitic 
basement, where they acquire part of their mineralization and are then 
enriched in a CO2-rich phase (Michard et al., 1976). During the rise 
toward the surface, they circulate in the sedimentary rocks of the 
Limagne basin, composed by conglomerates and sandstones, marls and/ 
or limestones and evaporitic deposits (Vennin et al., 2021), where they 
acquire their definitive fingerprint, through the partial dissolution of the 
host-rock minerals (i.e. leaching of Ca, Sr, Mg from carbonate minerals 
and K and remobilization of silica and aluminium, Michard et al., 1976). 

Bicarbonate-earth alkaline waters are characterized by lower TDS 
values. Generally, these waters are characterized by a rapid circulation 
in shallow, volcanic and sedimentary aquifers or they result in the 
mixing of deep mineralized fluids with freshwaters, as in the case of 
Monts Dore (Pauwels et al., 1997) and Cézallier springs (Vuataz et al., 
1987; Nègrel et al., 2000). 

All the chloride-alkaline springs are located along the Dordogne 
valley and their high chloride and sodium contents is probably related to 
long residence times (“mature waters” in Fig. 3b, according to (Pauwels 
et al., 1997). “La Sulfureuse” and “Lavina Edembouche” springs show a 
sulfate-acid composition. Their relatively low Ca content, 5.3 mg L− 1 

and 18.0 mg L− 1 respectively, and their salinity, 96 mg L− 1 and 292 mg 
L− 1 respectively, excludes the dissolution of gypsum as the major source 
of sulfate, while the low pH suggests that the oxidation of H2S or S- 
bearing minerals (i.e. pyrite and chalcopyrite) are the processes causing 
both the SO4 increase and the decrease the pH to values of about 4 or 
lower. According to Pauwels et al. (1997) the S-bearing minerals 
occurring in concomitance of ancient fumarole deposits, play a role in 
providing sulphate into Monts Dore waters. 

4.2. Geothermometry 

Na/K geothermometers (Fournier, 1979) show temperatures from 
177 to 347 (Table 1), in agreement with those computed by Serra et al. 
(2003), while the temperature estimations performed using the empir
ical Na–Li geothermometer (Michard, 1990), range from about 100 to 
about 260 ◦C (Table 1). Different areas have different temperatures. In 
the Monts Dore area, the Na/K temperatures are in an interval between 
241 and 347 ◦C, while the Na/Li temperatures range from 100 to 237 ◦C. 
Within this group, Na/K temperatures are significantly higher than Na/ 
Li temperatures for most of the springs, except for Saint-Nectaire, where 
the two temperature estimates are very similar. At Cézallier and Cantal 

the temperatures computed with the Na/K geothermometer (238, 221 
◦C) are higher than the Na/Li temperatures (202, 171 ◦C) while at 
Châteauneuf-les-Bains Na/K temperatures (185 ◦C) are lower than the 
Na/Li estimates (266 ◦C). Finally, in the Limagne Basin it has been 
computed a temperature interval between 149 and 214 ◦C with the Na/ 
Li geothermometer and from 177 ◦C to 238 ◦C with the Na/K 
geothermometers. 

It should be noted that, according to the Na-K-Mg ternary diagram 
proposed by Giggenbach (1988), (Fig. 4), about 78% of the samples 
represents immature waters, far from the equilibrium with a stable sil
icate mineral assemblage, 22% are partially equilibrated with silicates, 
meaning that equilibrium is attained with respect to plagioclase and K- 
feldspar, but not with respect to Mg-bearing silicates, and no samples fall 
along the full equilibrium curve. 

According to Giggenbach (1988), only samples falling in the full 
and/or partial equilibrium fields can be used for the estimation based on 
Na/K geothermometers. Considering that only 22% of our samples are in 
equilibrium with plagioclase and K-feldspar, the temperature estima
tions based on the Na/Li geothermometer are probably more reliable 
than the estimation based on the Na/K ratio. 

The Na/Li temperatures are in good agreement with the tempera
tures reported by Serra et al. (2003) and show that the highest tem
peratures, generally higher than 200 ◦C, are attained at Saint-Nectaire, 
in the Monts Dore area, at Châteauneuf-les-Bains, in the Combrailles 
region and along the Aigueperse fault. All the other systems are char
acterized reservoir temperature between 100 and about 180 ◦C. 

Fig. 3. a. Langelier-Ludwig diagram. b. Cl-SO4-HCO3 ternary diagram (Giggenbach and Goguel, 1989).  

Table 1 
Reservoir temperatures, computed with the Na/K geothermometer (Fournier, 
1979) and Na/Li geothermometer (Michard, 1990).  

Group Sub-group TNa/K 

(◦C) 
TNa/Li 

(◦C)   

Fournier 
(1979) 

Michard 
(1990) 

Monts Dore 

Saint-Nectaire 241 237 
Le Mont-Dore, La Bourboule, 
Couze Pavin valley 259 170 

Chaudefour valley 347 100 
Cézallier Cézallier 238 202 
Cantal Chaudes-Aigues 221 171 
Combrailles Châteauneuf-les-Bains 185 266 

Limagne 
Basin 

Sainte-Marguerite 238 186 
Vichy 177 149 
Aigueperse fault 235 214  
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4.3. Stable isotopes of water 

Figs. 5a and 5b show the δD and δ18O values of sampled waters: δD 
ranges from − 65.9‰ to − 55.5‰ and δ18O varies between − 10.20‰ 
and − 8.10‰. Most of the samples fall between the global meteoric 
water line (GMWL; Craig, 1961) and the regional meteoric water line 
(RMWL; Fouillac et al., 1991), suggesting a prevailing meteoric origin of 
thermal waters. These waters are characterized by values of deuterium 
excess (d = δD − 8δ18O) from 8.60‰ to 21.70‰ (12.36‰ on average), in 
the range of predicted evaporation d in the Atlantic Ocean at mid lati
tudes (Pfahl and Soderemann, 2014). Lower d values characterize the 
waters of La Gargouillère and Grand Saladis springs (7.17‰ and −
10.21‰ respectively) and three drill holes at Saint-Nectaire (d values 
between 3.96‰ and 7.22‰). The first two springs, located in the Sainte- 
Marguerite area, plot to the right of both meteoric water lines and their 
isotopic composition could be explained by the evaporation of ground
water after the discharge at surface. Field evidence, like the presence of 

evaporative ponds around the main discharge, support this hypothesis. 
The regression line computed from the values of Grand Saladis and La 
Gargouillère, along with the other unevaporated springs of the area, is: 

δD = 4.87× δ18O − 17.63 (1) 

The Eq. (1) closely fits the data (R2 = 0.98; standard error of the 
estimate SE = ±1.92‰). Its slope (4.87) is consistent with slopes pre
dicted on the basis of a steady state evaporation model of surface waters 
at mid latitudes (Gibson et al., 2008), ranging from three to five. Taking 
into account the slope deviation from the GMWL and the low deuterium 
excess, the regression can be interpreted as a local evaporation line of 
spring waters after discharge in the Sainte-Marguerite area (LEL in 
Fig. 5). Also, waters from the three drill holes of Saint-Nectaire plot to 
the right of both meteoric water lines, showing a depletion in 18O 
without variations in the δD. This signature may be interpreted with an 
oxygen exchange with the silicate of the hosting rocks, as suggested by 
Pauwels et al., 1997. Some samples from the Cézallier and Mont-Dore 
regions show a slight shift to the left of both meteoric water lines. 
This horizontal shift, consistent with the literature data (Pauwels et al., 
1997; Casanova et al., 1999) is typical of CO2-rich groundwater and is 
likely related to oxygen exchange between CO2 and water, according to 
the following the reaction (D'Amore and Panichi, 1985; Karolytė et al., 
2017): 

C16O2 +H2
18O = C18O16O+H2

16O (2) 

Considering that waters discharged by the springs in the area are of 
meteoric origin, their 18O content reflects the original composition of 
rainwater, that essentially derives from the combination of two effects: 
i) the continental effect, which is the gradual depletion of the residual 
marine moisture in heavy isotopes during the air masses movement from 
the coast to inland and ii) the altitude effect, consisting in the stepwise 
depletion in 18O (and D) isotopes increasing the elevation. A recent 
estimation of the continental effect in French territory is given by Millot 
et al. (2010), that computed a value of − 3.2‰ δ18O/1000 km moving 
inland from the Atlantic coast. Furthermore, Ladouche et al., 2009 
assumed a vertical isotopic gradient of − 2.7‰/km in the area of 
Montpellier (about 200 km south of Clermont-Ferrand), in good agree
ment with the global average elevation gradient (− 2.8‰/km, Kern 
et al., 2020) and with the local European one as in Poage and 

Fig. 4. Na-K-Mg ternary diagram (modified from Giggenbach, 1988).  

Fig. 5. a. δD vs δ18O diagram. The orange line is the local evaporation line (LEL) related to the Sainte-Marguerite samples. Solid line is the World Meteoric Water 
Line (WMWL, Craig, 1961); dashed line is the Regional Meteoric Water Line (RMWL, Fouillac et al., 1991). b. Detail of Fig. 5a in the range indicated by the grey 
rectangle. Black arrow highlights the process of isotopic exchange between water and carbon dioxide oxygen. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Chamberlain (2001). The altitudes of the recharge area, computed by 
correcting the δ18O value for the CO2-H2O exchange and excluding the 
samples affected by evaporation, range between 800 and 1300 m. 

4.4. Dissolved gases 

During July 2021, six samples were collected from Monts Dore, 
Chaîne des Puys and Limagne basin for the determination of the 
chemical composition of the dissolved gasses. The content of non- 
reactive gaseous species He, Ar and N2 is shown in the ternary dia
gram of Fig. 6a. 

Here, as reference, are reported the compositions of air and air 
saturated water (ASW), computed with the PHREEQC version 3 code 
equilibrating the average meteoric water collected near Sainte- 
Marguerite (Nègrel and Roy, 1998) with the atmospheric gases. 

Fig. 6a highlights that the analyzed samples are not contaminated 
with air and plot along a mixing line between the ASW and a helium-rich 
gas phase, of probable deep origin. This is also suggested by Fontaine 
Goyon (sample 26), plotting near the He vertex, characterized by R/Ra 
= 4.74 and R/Ra = 5.69 after correction for atmospheric helium (Bräuer 

et al., 2017). 
In order to interpret the dissolved gas data, the chemical composi

tions have been compared to three theoretical models describing the 
evolution of an infiltrating water that interacts with the host rocks and 
with a deep gas phase (Figs. 6b and c). Model 1, no sink model (Chiodini 
et al., 2000) is obtained adding to ASW 0.28 mol kg− 1 of deep gas (DG) 
in 280 steps, assuming that no CO2 degassing and no calcite precipita
tion occur during the addition of the deep gas phase. In this model the 
confining pressure is always higher than gas pressure. Model 2 is ob
tained assuming continuous degassing at 1 bar and 10 ◦C (corresponding 
to aquifer-atmosphere interface) during the addition in 1000 steps of 1 
mol kg− 1 of DG and 0.061 mol kg− 1 of volcanic glass. Model 3 is ob
tained assuming continuous degassing at 10 bar and 180 ◦C during the 
addition of 1 mol kg− 1 of DG and 0.061 mol kg− 1 of volcanic glass, in 
1000 steps. The pressure used in Model 3 is the maximum pCO2 at which 
the studied samples equilibrate with calcite (assuming that systems 
oversaturated with calcite at surface were in equilibrium with this 
mineral prior to the CO2 degassing), corresponding approximately to a 
100 m water column. The temperature of Model 3 is the average T 
computed with the Na/Li geothermometers. 

Fig. 6. a. Ternary diagram of relative abundances of Ar-N2-He of the studied samples, showing also the composition of air saturated water (ASW, grey triangle) and 
air (open triangle). b. Ternary diagram of relative abundances of He-Ar-CO2, showing the composition of ASW, air, deep gas and the evolution trends predicted by 
Model 1 (dashed black line), Model 2 (blue line) and Model 3 (red line). c. Conceptual models illustrating the three theoretical models: in Model 1 the confining 
pressure is always higher than the gas pressure; in Model 2 the gas phase separation with bubbles formation occurs just below the water table; in Model 3 the gas 
separation occurs at 10 bar, corresponding approximately to a 100 m water column. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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The methodology used to compute Model 2 and Model 3 is described 
in detail in Caliro et al. (2005). The dissolved rock has been defined as a 
volcanic glass with the average chemical composition of the French 
Massif Central volcanic rocks, downloaded from the GEOROC database 
(on 10 February 2023, Lehnert et al., 2000). The rock composition used 
in the models is the one that better represents the average infiltration 
areas of the study area, however other models have been computed 
considering the same P/T conditions but other rock compositions and a 
detailed discussion about the influence of rock composition on CO2 
degassing in given in the Supplementary material 2. 

The amount of dissolved rock (0.061 mol kg− 1) has been evaluated as 
the average amount of cations related to glass dissolution, computed for 
each sample by subtracting the equivalents of Cl, NO3 and SO4 from the 
sum of Ca, Mg, Na and K as described in Caliro et al. (2005). 

The deep gas (DG) phase has been defined as a mixture of CO2, He, Ar 
and N2 and its composition (Table 2) is that of the free gas phase released 
in the Monts Dore area from the Escarot mofette, which best represents 
the volatiles derived from the Subcontinental lithospheric mantle 
(SCLM) beneath ECRIS (Bräuer et al., 2017). 

In Models 2 and 3, during the incremental addition of the DG, the 
solution progressively degasses and, when the oversaturation in calcite 
is achieved, the precipitation of this mineral phase begins. At each step 
the content of dissolved species, the amount of each gas species exsolved 
from the solution and the amount of precipitated calcite have been 
computed. 

The theoretical models are compared to the dissolved gas data in 
Fig. 6b. Model 1, represented by a straight line joining the ASW to the 
DG, does not explain the composition of our samples (dashed line in 
Fig. 6b). Model 2 (blue curve in Fig. 6b) and Model 3 (red curve in 
Fig. 6b) show a similar trend. The addition of the DG phase in the first 
steps moves the composition of dissolved gasses toward He vertex. He
lium and argon are released (i.e. degassed) before CO2 because of their 
lower solubility in water. Further addition of the DG moves the 
composition computed by both models toward the CO2 vertex. Model 2 
better explains the composition of samples 30 and 121, while Model 3 
interpolates with a good accuracy samples 26 and 72. Samples 70 and 
114, the closest to the ASW in Fig. 6a., can be interpreted as ground
waters that have been remixed with surficial waters. 

4.5. Evolution of Cext and δ13Cext 

The “external carbon” (Cext) and δ13C of external carbon (δ13Cext) of 
the French Massif Central waters are reported in Fig. 7. Cext represents 
the fraction of TDIC deriving from sources external to the aquifer (i.e. 
atmospheric, biogenic and deeply produced CO2), thus excluding the 
contribution coming from carbonate mineral dissolution (Ccarb, Chiodini 
et al., 2000; Chiodini et al., 2004; Frondini et al., 2019) and is computed 
by the equations: 

Cext = TDIC–Ccarb (3)  

and, 

Ccarb = mCa+mMg − mSO4 (4)  

where mCa, mMg and mSO4 are the concentration of dissolved Ca, Mg 
and SO4 respectively. 

Most samples are located in volcanic areas, as in the case of Monts 
Dore and Cézallier springs, or directly emerge from the granitic 

basement through fault systems (as Sainte-Marguerite and Combrailles 
springs). This means that the contribution of Ccarb can be assumed as 
negligible, resulting in Cext = TDIC; δ13Cext = δ13CTDIC. In the case of 
Vichy basin springs (samples 122–160), Aigueperse fault springs (sam
ples 163–169) and Châteldon waters (samples 161–162), the correction 
for the Ccarb has been applied. The δ13Cext of these samples has been 
computed according to Frondini et al. (2019), using a δ13Ccarb = 1.4‰, 
resulting by the average of Eocene-Oligocene carbonates of Mediterra
nean (Bodiselitsch et al., 2004; Cornacchia et al., 2018). 

In order to interpret the carbon isotopic composition, Cext and δ13Cext 
of the sampled waters are compared to the three theoretical models, 
Model 1, Model 2 and Model 3, described in the previous section (Fig. 7). 
For each model, the values of Cext and δ13Cext were computed from: 

Cext,x = Cext,(x− 1) − Δcalcite − ΔCO2 +Cdeep (5)  

δ13Cext,x =
[
Cext,(x− 1) × δ13Cext,(x− 1)–

(
Δcalcite × δ13Ccalcite

)
–
(
ΔCO2 × δ13CCO2

)

+Cdeep × δ13Cdeep
]/

Cext,x

(6)  

where Cext is computed with the PHREEQC version 3 code, Cdeep is the 
DG added to the solution, Δcalcite and ΔCO2 represent the amounts of 
precipitated calcite and of degassed CO2 (the amount of CO2 that 
exsolves from the solution, forming bubbles) computed at each step. In 
the No-sink Model, Δcalcite and ΔCO2 are set to zero. 

In all the three models (i) the carbon isotopic composition of the DG 
(δ13Cdeep) is assumed to be − 3.6‰ (corresponding to δ13CCO2 of Escarot 
mofette and in agreement with the range of variation of the SCLM 
beneath ECRIS, according to Bräuer et al., 2017 and Boudoire et al., 
2023) (ii) δ13Ccalcite and δ13CCO2 are computed considering the frac
tionation factors for the carbonate system (Clark and Fritz, 1997) and 
(iii) the Cext and the δ13Cext of Grand Barbier 2 spring (sample 58; 4.91 ×
10− 4 mol kg− 1 and -16.78‰, respectively) are assumed to be represen
tative of the infiltrating water because of the low Cext and its low 13C 
content, both suggesting the absence of any Cdeep inputs (Chiodini et al., 
2000). 

In Model 1, the addition of the DG phase causes an increase in the 
δ13Cext following a hyperbolic trend, asymptotic to the δ13Cdeep value. 
Model 2 follows the trend of Model 1 up to Cext = 1.10 × 10− 2 mol kg− 1 

and δ13CTDIC = − 4.09‰, then shifts upward, reaching δ13Cext of +4.19‰ 
at the end of the simulation (corresponding to Cext = 1.43 × 10− 1 mol 
kg− 1). This is due to the progressive degassing of CO2 (separation of a 
free gas phase), occurring from Cext of 7.88 × 10− 3 mol kg− 1) and the 
precipitation of calcite, starting at Cext = 1.16 × 10− 1 mol kg− 1). Model 
3 shows the same trend of Model 2, but the deviation from Model 1 
occurs at higher Cext content (Cext = 8.07 × 10− 2 mol kg− 1; δ13Cext =

− 3.68‰). This is explained by the higher total gas pressure (10 bar), 
that hampers the degassing process and the consequent carbonates 
precipitation. Therefore, the three models are practically coincident up 
to Cext of 4 × 10− 2 mol and the samples with relatively low Cext plot on 
this part of the curves. For higher Cext values, samples deviate from the 
common part of the curves, with an evident shift toward more positive 
δ13Cext values caused by CO2 degassing and calcite precipitation. 

Samples explained by Model 2 are likely groundwaters that transport 
CO2 in solution and released it when they emerge at surface (P = 1 bar). 
Samples plotting between Model 2 and Model 3 can instead be explained 
by solutions that experienced degassing at 1 < pCO2 < 10 bar. 

In Fig. 8, the range of variation of the carbon isotopic composition 
(δ13C) of calcite (pink dashed bands) and of CO2 (green dashed bands) 
predicted by theoretical models are compared to the δ13C of (i) TDIC of 
water samples, (ii) calcite samples from Cézallier and Sainte-Marguerite 
(Casanova et al., 1999), and (iii) free gas escaping from bubbling springs 
and mofetes at Monts Dore, Chaîne des Puys, Sainte-Marguerite, 
Cézallier (Bräuer et al., 2017) and Châteauneuf-les-Bains (Fouillac 
et al., 1976). 

The theoretical ranges of δ13C have been computed by applying the 

Table 2 
Chemical and isotopic composition of the deep gas (DG) used in the theoretical 
models (after Bräuer et al., 2017).  

CO2 Ar He N2 δ13C 

% % % % ‰ 
99.34 5.81 × 10− 3 2.83 × 10− 3 6.51 × 10− 1 − 3.6  
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fractionation factors by Clark and Fritz (1997). The comparison between 
theoretical and analytical values shows that the isotopic composition of 
free gas samples (− 7.82 < δ13CCO2 < − 3.8‰, Bräuer et al., 2017; 
Fouillac et al., 1976) and of calcite samples (+6.1 < δ13Ccalcite <+7.7‰, 
Casanova et al., 1999) fall, respectively, in the theoretical fields of CO2 
and calcite predicted by models. The δ13CTDIC of samples ranges from 

− 16.78‰ to +4.2‰ and plots between (and partly overlap) the isotopic 
composition of calcite and CO2 computed by the models. This simple 
observation suggests that the relatively light δ13C of free gas and the 
relatively heavy δ13C of calcite likely derive from the fractionation 
processes occurring during CO2 degassing and calcite precipitation 
starting from the TDIC of the solution. Only four samples show very low 

Fig. 7. δ13Cext vs. Cext diagram of the analyzed springs. The theoretical evolution of groundwaters as computed by Model 1, Model 2 and Model 3 is also shown 
(see text). 

Fig. 8. Comparison between analytical and theoretical δ13C values. Box plots show the analytical δ13C values of TDIC of groundwaters (light blue box plot, this 
work), calcite (pink box plot, Casanova et al., 1999) and free gas phases (green box plot, Bräuer et al., 2017; Fouillac et al., 1976). The pink and green dashed bands 
are respectively the δ13C ranges of precipitated calcite and of degassed CO2 predicted by theoretical models explained in the text. Figure also shows the range of 
biogenic CO2 (yellow band, after Chiodini et al., 2000). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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δ13C of TDIC (from − 16.78‰ to − 10.84‰). These samples, that statis
tically are interpreted as outliers in Fig. 8, have been collected from low 
salinity springs not involved in the degassing process. 

4.6. Computation of the deep carbon emission rate 

In order to reconstruct the original carbon content at aquifer con
ditions, the TDIC of the samples that, at sampling conditions, are over
saturated with calcite (SIcalcite > 0) have been re-computed with the 
PHREEQC version 3 code (Parkhurst and Appelo, 2013) increasing the 
pCO2 until the equilibrium with calcite was achieved. The obtained 
values (TDICc) represent the total carbon content at aquifer conditions 
immediately before the beginning of the gas-liquid separation process. 
This correction has been done considering the temperatures at spring 
emergence and not the temperatures computed through the Na–Li 
geothermometer because it is unknown at which depth (and, conse
quently, at which temperature) the gas-water separation starts. There
fore, the TDIC values must be considered as minimum estimations. For 
the samples that at the surface are in equilibrium or undersaturated with 
respect to calcite (SIcalcite ≤ 0) TDIC = TDICc. 

For each sample, the amount of deeply derived carbon (Cdeep,c) has 
been computed using the following equation: 

Cdeep,c = Cext,c–Cinf (7)  

where Cinf is the carbon content of infiltrating waters (here considered as 
4.91 × 10− 4 mol kg− 1) and Cext,c is computed from the TDICc by sub
tracting the Ccarb. 

The emission rate of deeply derived CO2 (rCdeep) associated to each 
spring/well is given by: 

rCdeep = Cdeep,c ×Q (8)  

where Q is the water flow rate of each spring/well (listed in Supple
mentary material 1). The computed TDIC, TDICc, Cext,c, Ccarb, Cdeep,c and 
the rCdeep are reported in Supplementary material 3. 

The TDIC values range between 0 and 1.64 × 10− 1 mol kg− 1, while 
the computed TDICc ranges from 0 to 3.20 × 10− 1 mol kg− 1. Both TDIC 
and TDICc values (Fig. 9a,b) show a bimodal distribution, with a low 
TDIC population comprising about 26% of samples and an high TDIC 
population, including the remaining 74% of samples. In the low TDIC 
population, TDIC and TDICc values are practically the same: TDIC ranges 
from 0 to 3.07 × 10− 2 mol kg− 1 (median = 1.66 × 10− 3 mol kg− 1); TDICc 
between 0 and 3.70 × 10− 2 mol kg− 1 (median = 1.67 × 10− 3 mol kg− 1). 
The high TDIC population is characterized by TDIC from 4.14 × 10− 2 

mol kg− 1 to 1.64 × 10− 1 mol kg− 1 (median = 7.47 × 10− 2 mol kg− 1) and 
TDICc from 4.14 × 10− 2 mol kg− 1 to 3.20 × 10− 1 mol kg− 1 (median =
0.10 mol kg− 1), indicating that these waters are oversaturated with 
respect to calcite and CO2. The computed Cdeep,c ranges from 0 to 3.19 ×
10− 1 mol kg− 1, with the low TDIC group characterized by 0 < Cdeep,c <

3.65 × 10− 2 mol kg− 1 (median = 1.17 × 10− 3 mol kg− 1) and the high 
TDIC group characterized by 4.09 × 10− 2 < Cdeep,c < 3.19 × 10− 1 mol 
kg− 1 (median = 1.01 × 10− 1 mol kg− 1). 

The distribution of the flow rates is positively skewed (skewness =
6.7, mean = 3.98 l s− 1, median = 0.67 L s− 1, mode = 0.10 L s− 1) and 
shows a log-normal distribution (Fig. 9d), with about 10% of springs 
with Q > 10 L s− 1 and the remaining characterized by Q of a few L s− 1 or 
lower. Flow rates higher than 10 L s− 1 only occur in volcanic areas 
(Monts Dore, Cantal and Chaîne des Puys) and are associated with low 
Cdeep,c contents (Cdeep,c < 1.2 × 10− 3 mol kg− 1). The only exception is 
Montpensier spring (sample 163), located along the Aigueperse fault, 
which has a flow rate of 16.67 L s− 1 and a Cdeep,c content of 1.3 × 10− 1 

mol kg− 1. The repartition of flow rates between the different areas is 
shown in Fig. 9e. 

The rCdeep values, computed for each spring, range from 0 to 6.83 ×
107 mol yr− 1and the computed emission rate, given by the sum of all the 
individual rCdeep values, is 4.5 ± 0.5 × 108 mol yr− 1 (Table 3). Analysing 
the geographic distribution of the emission rate it is noteworthy that 
about 68% of the total emission (3.0 ± 0.3 × 108 mol yr− 1) is from the 
Limagne Basin, where the 39 Vichy springs alone provide 1.8 ± 0.2 ×

Fig. 9. Frequency distribution of: a. the TDIC b. the TDICc. c. the C deep,c d. the flow rates (expressed as logarithmic values) e. Repartition of the flow rates between 
the studied areas. 
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108 mol yr− 1. The volcanic areas of the Monts Dore (6.0 ± 0.7 × 107 mol 
yr− 1), Chaîne des Puys (3.8 ± 0.4 × 107 mol yr− 1) and Cézallier (1.3 ±
0.1 × 107 mol yr− 1), as well as the Combrailles area (2.7 ± 0.3 × 107 

mol yr− 1), where the metamorphic basement outcrops, are character
ized by an emission rate one order of magnitude lower than the Limagne 
Basin. Finally, the Cantal volcano shows the lowest emission rate (6.8 ±
0.7 × 106 mol yr− 1), which is two order of magnitude lower than the 
Limagne basin. 

The computed flux is a minimum estimate of the degassing process 
that affects the French Massif Central because i) some small springs have 
not been sampled, ii) the flow rate data of some springs from literature 
are not available, making impossible to estimate rCdeep for them and iii) 
the deep carbon released from diffuse soil emissions and volcanic lakes 
has not been considered. 

The CO2 emission rate from Lac Pavin (1.7 ± 0.6 × 106 mol yr− 1, 
Aeschbach-Hertig et al., 1999) and from the Escarot gas seep (1.8 ± 0.4 
× 108 mol yr− 1, Gal et al., 2018) suggest that the CO2 released from the 
numerous volcanic lakes of the study area and from diffuse soil 
degassing could play a role in the degassing process, supplying an 
additional CO2 amount to the total CO2 released by the region. 

Furthermore, it is worth noting that the Vichy water flow rate used to 
compute the emission rate (46.58 L s− 1) is just a part of the total Vichy 
flow rate (266.18 L s− 1, Bertin and Rouzaire, 2004) thus the emission 
rate from Vichy is strongly underestimated. In fact, considering the total 
authorized flow rate from the Vichy basin and the average Cdeep,c of 
Vichy springs (1.28 × 10− 1 mol kg− 1), we can extrapolate a total 
emission rate from the Vichy basin of 1.1 ± 0.1 × 109 mol yr− 1 bringing 
the emission rate of the Limagne basin to 1.2 ± 0.1 × 109 mol yr− 1. 

Considering i) the Vichy extrapolation; ii) the Lac Pavin contribution 
(Aeschbach-Hertig et al., 1999) and iii) the Escarot contribution (Gal 
et al., 2018), the total emission rate from the French Massif Central is 
1.52 ± 0.14 × 109 mol yr− 1 (Table 3). 

Finally, in order to allow the comparison of French Massif Central to 
other areas, a rough estimation of the Cdeep flux (fCdeep) has been ob
tained dividing the total emission rate by the surface of the study area 
(1645 km2, uncertainty of 10%). The resulting fCdeep amounts to 9.25 ±
1.94 × 105 mol yr− 1 km− 2. 

The measured deeply-derived CO2 emission rate is 4.5 ± 0.5 × 108 

mol yr− 1and the total emission rate extrapolated considering the 
correction for Vichy and the contribution of Escarot and Lac Pavin 
amounts to 1.52 ± 0.14 × 109 mol yr− 1, with a CO2 flux of 9.25 ± 1.94 
× 105 mol yr− 1 km− 2. Most of the total emission rate is released by the 
Limagne Basin, suggesting that the large scale normal faults of the 
Limagne semi-graben structure drive fluid circulation and represent the 
main path through which the deep gas rises toward the surface. 

The French Massif Central CO2 emission rate is of the same order of 
magnitude or lower than medium to high enthalpy geothermal systems 
worldwide (e.g. Salton Trough geothermal system, ⁓109 mol yr− 1, 
Kerrick et al., 1995; Taupo Volcanic Zone, ⁓8 × 109 mol yr− 1, Kerrick 
et al., 1995; Mount Amiata, 2.1 × 109 mol yr− 1., Frondini et al., 2009). 

The comparison of our data to the estimations done for active rifts 

highlights that our estimates are one order of magnitude lower than the 
mantle-derived CO2 flux measured at the Magadi-Natron basin (9 ×
1010 mol yr− 1, Lee et al., 2016) and the total CO2 emission from the 
central and northern Mean Ethiopian rift (1.2–9.9 × 1010 mol yr− 1, Hunt 
et al., 2017), but are of the same order of magnitude of Olkaria Volcanic 
Complex (2.35 × 109 mol yr− 1, Cappelli et al., 2023). This large vari
ability of CO2 emission rates confirms that more work is needed to 
quantify the CO2 flux from continental rifts that, at present, is probably 
underestimated, as already suggested by Werner et al. (2019) and Foley 
and Fischer (2017). 

5. Conclusions 

The present work provides one of the first quantitative estimation of 
the CO2 emission released from a passive rift system at regional scale 
and proposes water-gas-rock interaction models to better constrain the 
degassing process at the French Massif Central. The water-gas-rock 
models here proposed are in good agreement with the observed data, 
highlighting that i) the gas separation from the liquid phase, with 
bubbles formation and advective rise of the gas toward the surface oc
curs in a P-T range between 10 bar-180 ◦C and 1 bar-10 ◦C; ii) the iso
topic composition of the inorganic carbon dissolved in waters, the free 
gas phase and the precipitated calcite is mainly due to the fractionation 
processes occurring during CO2 degassing and calcite precipitation. 

The deeply-derived CO2 emission rate at French Massif Central is 
1.52 ± 0.14 × 109 mol yr− 1, corresponding to a CO2 flux of 9.25 ± 1.94 
× 105 mol yr− 1 km− 2. The CO2 emission rate is of the same order of 
magnitude than the mantle-derived CO2 emission rate from the Magadi- 
Natron basin hydrothermal system (Eastern EAR, 5.31 × 109 mol yr− 1, 
Lee et al., 2017). 

If compared to other extensional areas, the French Massif Central 
deeply-sourced CO2 emission rate is about one order of magnitude lower 
than the CO2 emission rate from back-arc basins (i.e. Taupo Volcanic 
Zone, 8–10 × 109 mol yr− 1, Kerrick et al., 1995; Seward and Kerrick, 
1996) and two order of magnitude lower than the CO2 emission rate 
from the Tuscan Roman degassing structure (1.4 × 1011 mol yr− 1, 
Chiodini et al., 2004) and the Campanian degassing structure (0.7 ×
1011 mol yr− 1, Chiodini et al., 2004) of central-southern Italy. 

Finally, it is noteworthy that the total emission rate from the French 
Massif Central is one order of magnitude higher than the regional 
emission rate from Eger rift, the eastern sector of ECRIS (3.6 × 108 mol 
yr− 1, Weinlich et al., 1999). This indicates a variability in the magnitude 
of the CO2 degassing within the ECRIS system, to which both the French 
Massif Central and the Eger rift belong, and suggests that more detailed 
studies are required in other regions of the ECRIS system (e.g. East and 
West Eifel, Rhine graben, Bohemian Massif) in order to quantify its 
contribution to the global carbon budget. 
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Table 3 
Deeply derived carbon fluxes of the French Massif Central. Column 1 consider 
measured data, column 2 consider data extrapolated for the Vichy basin and the 
contribution of Escarot and Lac Pavin.  

Area rCdeep (mol yr− 1) extrapolated rCdeep (mol yr− 1) 

Monts Dore 6.0 ± 0.7 × 107 6.0 ± 0.7 × 107 

Chaîne des Puys 3.8 ± 0.4 × 107 3.8 ± 0.4 × 107 

Combrailles 2.7 ± 0.3 × 107 2.7 ± 0.3 × 107 

Cézallier 1.3 ± 0.1 × 107 1.3 ± 0.1 × 107 

Cantal 6.8 ± 0.7 × 106 6.8 ± 0.7 × 106 

Limagne Basin 3.0 ± 0.2 × 108 1.2 ± 0.1 × 109 

Escarot  1.8 ± 0.4 × 108 

Lac Pavin  1.7 ± 0.6 × 106 

Total 4.5 ± 0.5£ 108 1.52 ± 0.14£ 109  
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Implications hydrogéologiques pour les bassins versants de la Veyre et de Côme. 
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Dèzes, P., Schmid, S.M., Ziegler, P.A., 2004. Evolution of the European Cenozoic Rift 

System: interaction of the Alpine and Pyrenean orogens with their foreland 
lithosphere. Tectonophysics. 389, 1–33. 

Downes, H., Reichow, M.K., Mason, P.R.D., Beard, A.D., Thirlwall, M.F., 2003. Mantle 
domains in the lithosphere beneath the French Massif Central: trace element and 
isotopic evidence from mantle clinopyroxenes. Chem. Geol. 200 (1–2), 71–87. 
https://doi.org/10.1016/S0009-2541(03)00126-8. 

Foley, F.S., Fischer, T.P., 2017. An essential role for continental rifts and lithosphere in 
the deep carbon cycle. Nat. Geosci. 10, 897–902. https://doi.org/10.1038/s41561- 
017-0002-7. 

Fouillac, C., 1983. Chemical geothermometry in CO2-rich thermal waters. Example of 
the French Massif Central. Geothermics. 12 (2–3), 149–160. https://doi.org/ 
10.1016/0375-6505(83)90025-1. 

Fouillac, C., Michard, G., Merlivat, L., Javoy, M., Jouzel, J., 1976. Etude géochimique des 
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central. 

Nomade, S., Pastre, J.-F., Nehlig, P., Guillou, H., Scao, V., Scaillet, S., 2014. 
Tephrochronology of the Mont Dore volcanic Massif (Massif Central, France): new 
40Ar/39Ar constraints on the late Pliocene and early Pleistocene activity. Bull. 
Volcanol. 76, 798. https://doi.org/10.1007/s00445-014-0798-6. 

Parkhurst, D.L., Appelo, C.A.J., 2013. Description of input and examples for PHREEQC 
version 3: a computer program for speciation, batch-reaction, one-dimensional 

transport, and inverse geochemical calculations. U.S. Geological Survey Techniques 
and Methods. https://doi.org/10.3133/tm6A43 book 6, chap. A43, 497 p.  

Pauwels, H., Fouillac, C., Goff, F., Vuataz, F.-D., 1997. The isotopic composition of CO2- 
rich thermal waters in the Mont-Dore region (Massif-Central, France). Appl. 
Geochem. 12, 411–427. 

Pfahl, S., Soderemann, H., 2014. What controls deuterium excess in global precipitation? 
Clim. Past Discuss. 9 (4), 4745–4770. https://doi.org/10.5194/cpd-9-4745-2013. 

Poage, M.A., Chamberlain, C.P., 2001. Empirical Relationships between Elevation and 
the Stable Isotope Composition of Precipitation and Surface Waters: Considerations 
for Studies of Paleoelevation Change. Am. J. Sci. 301, 1–15. https://doi.org/ 
10.2475/ajs.301.1.1. 

Reubi, O., Hernandez, J., 2000. Volcanic debris avalanche deposits of the upper Maronne 
valley (Cantal Volcano, France): evidence for contrasted formation and transport 
mechanisms. J. Volcanol. Geotherm. Res. 102 (3–4), 271–286. 

Serra, H., Petelet-Giraud, E., Négrel, P., 2003. Inventaire du potentiel géothermique de la 
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suivi géochimique des eaux des sondages de Chassole et de quelques sources 
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