'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

Geochemistry, Geophysics,

Geosystems’

RESEARCH ARTICLE
10.1029/2025GC012735

Key Points:

e Deep fluids outgassing from the
Volcanic Eifel and the Ardennes have a
common mantle origin

e The mantle CO, transported by
groundwaters in the Eifel-Ardennes-
Rhenish Massif is 7 + 4 x 10° mol yr!

e CO, degassing takes place between
aquifer (4 bar, 160°C) and surface (1
bar, 9°C) conditions

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

L. Ricci,
lisa.ricci@collaboratori.unipg.it

Citation:

Ricci, L., Frondini, F., Morgavi, D., Caliro,
S.,Rizzo, A. L., Fischer, T. P., & Chiodini,
G. (2026). A common mantle source for
the endogenous CO, degassed at the Eifel
(Western Germany) and the Ardennes
(Eastern Belgium) regions. Geochemistry,
Geophysics, Geosystems, 27,
€2025GC012735. https://doi.org/10.1029/
2025GC012735

Received 10 OCT 2025
Accepted 17 MAR 2026

© 2026 The Author(s). Geochemistry,
Geophysics, Geosystems published by
Wiley Periodicals LLC on behalf of
American Geophysical Union.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

ik
A Common Mantle Source for the Endogenous CO,
Degassed at the Eifel (Western Germany) and the Ardennes
(Eastern Belgium) Regions

Lisa Ricci' 0, Francesco Frondini', Daniele Morgavi?, Stefano Caliro® ¢, Andrea Luca Rizzo*,

Tobias P. Fischer®, and Giovanni Chiodini’

'Dipartimento di Fisica e Geologia, Universita di Perugia, Perugia, Italy, *Dipartimento di Scienze della Terra,
dell'’Ambiente e delle Risorse (DISTAR), Universita Degli Studi di Napoli Federico II, Napoli, Italy, 3Istituto Nazionale di
Geofisica e Vulcanologia, Sezione di Napoli, Napoli, Italy, “Dipartimento di Scienze dell’ Ambiente e della Terra,
Universita degli Studi di Milano-Bicocca, Milano, Italy, SIstituto Nazionale di Geofisica e Vulcanologia, Sezione di
Milano, Milano, Italy, (’Department of Earth Science, University of California, Santa Barbara, CA, USA, Tstituto Nazionale
di Geofisica e Vulcanologia, Sezione di Bologna, Bologna, Italy

Abstract Tectonic CO, Earth degassing is globally relevant and has probably controlled climate on a
geological scale (Brune et al., 2019, https://doi.org/10.1038/s41561-017-0003-6). Endogenous CO,
outgassing from rifting areas remains poorly constrained, with most available data from the East African Rift.
Here, we investigate the CO, degassing in the European Cenozoic Rift System (ECRIS), focusing on the
chemical and isotopic composition of 161 springs emerging from the Eifel-Ardennes-Rhenish Massif region
(Eastern Belgium-Western Germany). Theoretical water-gas-rock interaction models based on the chemistry
of gases dissolved in East Eifel groundwaters reveal CO, efflux takes place in a P-T range between the
aquifer depth (4 bar, 160°C) and spring emergence (1 bar, 9°C). He and C isotopes show that Ardennes,
Volcanic Eifel and Rhenish Massif are all part of a unique degassing system. The average mantle CO, flux
emitted from the region is 5 # 2 x 10° mol yr™' km™2, corresponding to a total deeply derived CO, emission
rate of 7 + 4 x 10° mol yr~'. These values are of the same magnitude as the global baseline defined for
convective hydrothermal CO, emitted from areas of high heat flow, demonstrating the relevance of passive
rifts as CO, emitters on a global scale.

Plain Language Summary Rifts, where the lithosphere is thinned by tectonic activity, are regions
where the Earth naturally emits CO,, but the quantification of these emissions is poorly constrained. Here, we
quantify the CO, outgassing from the central sector of the European Cenozoic Rift System (ECRIS), which
encompasses the Ardennes (Eastern Belgium), the Volcanic Eifel and the Rhenish Massif (Western Germany).
CO, degassing was computed by studying the chemistry and the isotopic composition of 161 springs emerging
from the region. CO, transported by groundwaters originated in the mantle and is 7 billion moles per year
(which means 0.3 megatons per year). The corresponding CO, flux, expressing the quantity of CO, annually
emitted per km?, is 5 million moles annually emitted per km?. Theoretical models reveal the CO, release takes
place between the aquifer depth (where P is 4 bar and 7T is 160°C) and the emergence of springs at surface
(P =1 bar and T = 9°C). Finally, this study demonstrates that the gases emitted from the Volcanic Eifel, the
Ardennes and the Rhenish Massif have a common origin. This means that the three areas belong to a unique
degassing system, with deep fluids able to migrate through faults and fractures.

1. Introduction

Continental rifts are characterized by CO, degassing, occurring as diffuse emissions from soil (Cappelli
et al., 2023; Hunt et al., 2017; Lee et al., 2016), dry gas vents (Brduer et al., 2013; Gal et al., 2018; Kampf
et al., 2019; Weinlich et al., 1999), CO,-rich bubbling springs (Boudoire et al., 2025; Griesshaber et al., 1992;
Ricci et al., 2024; Weinlich et al., 1999) and efflux from volcanic lakes (Pérez et al., 2011; Rafflin et al., 2024). In
the Rhine rift system, the central sector of the European Cenozoic Rift System (ECRIS), volatile outgassing
occurs over a large area that includes the Rhenish Massif, the Rhine Graben and the Black Forest. In the Rhenish
Massif, several CO,-rich mineral springs, dry gas vents (i.e., the Laacher See and Wehrer Kessel mofetes, Van
Daele & Ferket, 2021) and cold CO, geysers (i.e., Andernach geyser, Van Overmeeren, 2014) are distributed
along the major tectonic structures (e.g., the Siegen Main Thrust) and at the contact between the Devonian
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basement and the overlying volcanic formations. In this study, we investigate the geochemistry of 161 spring-
waters emerging across an area of approximately 1,600 km” encompassing the Volcanic Eifel, the Rhenish Massif
sensu strictu and the Ardennes, with the aim to (a) unravel the origin of the circulating fluids and released
volatiles, (b) model the degassing process and (c) estimate the CO, flux emitted from the area. Furthermore, we
provide the first data set on the chemical composition of dissolved gases for eight springwaters emerging from the
Volcanic Eifel, from which we derived a water-gas-rock interaction model to constrain the degassing process
affecting the area.

The Volcanic Eifel (Western Germany) is a Quaternary volcanic complex active between 700 ka and 11 ka.
Volcanological studies have devoted particular attention to the Laacher See Volcano (East Eifel), which gave rise
to one of the major prehistoric Plinian eruptions (12,900 ya) of highly evolved magma of central and southern
Europe (Schmincke et al., 1999), witnessed by the Laacher See maar lake. At present, the Volcanic Eifel is a
dormant province, with widespread CO,-rich gas emissions, weak earthquakes and deep low-frequency seismic
events as evidence of an unfinished magmatic activity (Rizzo et al., 2021 and references therein, Ritter
et al., 2024). The origin of magmatism in the Eifel is a matter of debate, with particular focus being on whether
there is a mantle plume beneath the area (Bekaert et al., 2019; Briuer et al., 2013; Caracausi et al., 2016; Moreira
et al., 2018; Ritter et al., 2001; Rizzo et al., 2021), resulting in different genetic models of the Central European
Volcanic Province (CEVP).

The Rhenish Massif, underlying the Volcanic Eifel, is a basement of Devonian age, strongly folded by the
Hercynian orogeny. Analogously to what has been observed in the French Massif Central and in the Bohemian
Massif, the development of ECRIS has induced the reactivation of Variscan crustal fractures permeating the
massifs (Dezes et al., 2004; Schumacher, 2002) and is currently acting as an efficient pathway for fluid migration
(Ricci et al., 2024; Tamburello et al., 2018). A similar tectonic setting characterizes the Ardennes (Eastern
Belgium), which are Devono-Carboniferous sandstones and limestones (Barros et al., 2021) that overtops the
western sector of the Rhenish Massif, where ENE-WSW to E-W longitudinal folds and thrust faults are cut by
several NNW-SSE trending faults (Demoulin, 1998). Here, several CO,-rich springs known from historical age,
as the worldwide famous Spa thermal waters, emerge along structural discontinuities and faults (e.g., the Midi-
Aechean fault, Hence et al., 1999). This paper provides geochemical constraints on the possible common origin of
fluids degassed at the Eifel and the Ardennes domains and quantifies the average mantle-derived CO, degassing
from the whole Eifel-Ardennes-Rhenish Massif area.

2. Geological and Hydrogeological Setting

The study area (Figure 1) is located at the Rhenish Massif, an uplifted plateau composed of Devonian and
Carboniferous low-grade metamorphic and sedimentary rocks, strongly folded by the Variscan orogeny (Illies &
Greiner, 1979). Volcanic Eifel (central-western Germany and eastern side of the study area, Figure 1) is a
Quaternary volcanic field overlying the Rhenish Massif, whose development is linked with the evolution of the
ECRIS system. Volcanic Eifel is a set of two volcanic provinces: West Eifel and East Eifel. West Eifel (600 km?,
Schmincke, 2007) comprises approximately 240 volcanoes, which mainly erupted primitive, silica-
undersaturated alkali-rich magmas (foidites, olivine nephelinites and basanites, Duda & Schmincke, 1985) be-
tween 700 and 10.9 ka (Schmincke, 2007; Schmincke et al., 1983; Zolitschka et al., 1995). Here, some eruptive
centers, now maars, brought ultramafic mantle xenoliths to surface (Aulbach et al., 2020; Shaw, 2004; Shaw
etal., 2018). East Eifel (400 km?, Schmincke, 2007) is constituted of about 100 volcanoes which erupted between
460 and 12.9 ka (Schmincke, 2007), producing a wide range of magmatic compositions (e.g., nephelinites,
basanites, tephrites, phonolites, trachytes, Schmincke, 2007). More evolved magmas mainly erupted from three
volcanic centers: Rieden (430-360 ka, phonolitic, Schmincke, 2007; Sundermeyer et al., 2020), Wehr (215-190
ka, phonolitic and trachytic, Worner et al., 1988; Sundermeyer et al., 2020), and the VEI 6 Laacher See eruption,
which is also the last volcanic episode of East Eifel (12.9 ka, Sundermeyer et al., 2020; Worner &
Schmincke, 1984). Besides silicic magmas, rare occurrences of carbonatites were recorded in the Volcanic Eifel.
In the West Eifel, the only known carbonatitic volcanism is at Auf Dickel diatreme, in the Rockeskyll complex
(Riley et al., 1996, 1999); in the East Eifel, carbonatites are locally found as rare clasts of intrusive syenite-
carbonatite in the Laacher See phonolites (Schmitt et al., 2010, 2017) and as zeolitic-carbonatitic binding
phase at Rieden (Hunger et al., 2024). Within the two volcanic fields, the distribution of volcanoes follows a NW-
SE trend (Dahm et al., 2020), driven by preexisting lithospheric structures/discontinuities inherited by the
Variscan collision and reactivated during the rifting stage (Mertes & Schmincke, 1985). This orientation is
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Figure 1. Location of the springwaters and simplified geological-tectonic setting of the study area, modified after Barros et al. (2021). East Eifel springs, red dots; West
Eifel springs, yellow triangles; Rhenish Massif sensu strictu springs, green squares; Ardennes-Aachen springs, light blue diamonds. The symbology here introduced is

adopted throughout.

perpendicular to the NE-SW main tectonic lineaments of the area (i.e., Siegen Main Thrust, Hunsriick-Siidrand
fault) and to the direction of maximum horizontal extension (May et al., 1996). Regional tectonics also affect the
spatial distribution of springwaters, which emerge from the Quaternary volcanics or from the Devonian basement,
mainly along the NW-SE normal faults or the N-S or E-W strike-slip faults (May et al., 1996; Van-Den-Boom &
Krimmel, 1986). Water flow circulation occurs both at shallow levels (e.g., in the volcanics and/or in the sedi-
mentary cover, May et al., 1996) and at depth in the basement. Deeper circulation is allowed and promoted by
hydraulically conductive faults, which enhance water inflow and ascent (May et al., 1996). The study area also
comprises the Ardennes and Aachen. The Ardennes (southern Belgium and western side of the study area,
Figure 1) are the Belgian sector of the Rhenish Massif, composed of Cambro-Ordovician basements overlapped
by Devono-Carboniferous sandstones and limestones (Barros et al., 2021). The studied springs are located in the
eastern Ardennes, south of Liege, within the Stavelot-Venn Massif, a siliciclastic sedimentary sequence of
Cambro-Ordovican slates and quartzites constituting the basement, upon which Devonian to Carboniferous
quartzites, sandstones, conglomerates and siltstones are superimposed (Barros et al., 2021). Chaudfontaine
(samples 153—154) is northward of the Stavelot-Venn Massif, along the Midi fault Zone, a major thrust extending
for 100 km in length and 15 km in depth (DEKORP Research Group, 1991) which borders the NW sector of the
Rhenish Massif. The hydrogeological setting of the Ardennes study area is strongly linked to the presence of
faults, joints and discontinuity boundaries (Barros et al., 2021): deep aquifers are hosted in fractured quartzites
and sandstones and their extension and permeability are largely controlled by the fracture networks (Barros
et al., 2021). Shallow, unconfined aquifers locally occur at the boundary between quartzites and the less
permeable shales and or slates (Barros et al., 2021). The spatial distribution of springwaters is intrinsically linked
to the fault geometry, which drives fluid circulation. Aachen is placed on the border between the Rhenish Massif
and the Lower Rhine Graben. Springs emerge at the intersection between NE-SW thrust systems (i.e., the Midi
Thrust and the Burtscheid Thrust faults, Gémez-Diaz et al., 2025) and NW-SE faults (e.g., the Lousberg fault,
Goémez-Diaz et al., 2025). Seismic reflection data revealed a SE-dipping reflector, extending for about 80 km
from the Ardennes to the northern West Eifel, reaching a depth of 12 km. This reflective zone corresponds to the
basal detachment of the Eifel fold and thrust belt, the northwestern front of the Rhenish Massif (Eickhoff
et al., 2025). In the following sections, the geochemical data from the Eifel-Ardennes-Rhenish Massif spring-
waters will be treated maintaining the groups showed in Figure 1, in detail: East Eifel springwaters (samples 13 to
33, red dots), West Eifel springwaters (samples 38 to 112, yellow triangles); Rhenish Massif sensu strictu
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springwaters (samples 1 to 12 and 34 to 37, including also the Cologne spring, sample 1, located in the lower
Rhine Graben, green squares) and the Ardennes-Aachen springwaters (samples 113 to 161, light blue diamonds).

3. Materials and Methods
3.1. Groundwater Sampling and Analysis

Groundwater from 13 springs emerging in the East Eifel (Eifel Volcanic Field) were collected in July 2022.
Temperature, pH, Eh and electrical conductivity (EC) were measured directly in the field by using WTW pH-Eh/
cond 3320 multi-meter. The HCO;™ content was measured in the field through acid titration with HCI 0.01 N,
using methyl orange as indicator (error = 1%). Water samples for chemical and isotopic (8D, 8'%0) analyses were
collected in 100 ml polyethylene bottles. The water aliquot for anion determination was filtered through 0.45 pm
membrane filters while the water aliquots for cations were filtered and immediately acidified with 1% of 1:1
diluted HCI. Water samples for the determination of the isotopic composition of total dissolved inorganic carbon
(613CTD[C) were collected in 1,000 or 500 ml polyethylene bottles, depending on the expected bicarbonate
content. The dissolved carbon was precipitated directly in the field as SrCO;, by adding SrCl, and NaOH to the
water sample. In the laboratory, the precipitated carbonates were then filtered, washed with distilled water and
dried in a N, atmosphere. Dissolved gases (CO,, N,, O,, Ar, He, CH,) were sampled on eight Eifel springs 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% (Vy;q) of its volume (V,), 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, NO; and F were determined by ion chromatography, using a Dionex DX-120 Ion
Chromatograph. Carbon, oxygen and hydrogen isotopes analyses were performed by means of standard mass
spectrometry techniques at the Geochemistry Laboratory of the Istituto Nazionale di Geofisica e Vulcanologia-
Osservatorio Vesuviano (INGV-OV) of Napoli, using a Finnigan Delta plusXP continuous flow mass spec-
trometer (MS) coupled with a Gasbenchll device (GBII) (analytical errors: 8D % 1%o, 5'%0 + 0.08%0 and
8!3C + 0.06%o). Isotopic compositions are given in %o notation per mill versus V-PDB for carbon and versus V-
SMOW for oxygen and hydrogen. The dissolved gas phase, separated in the headspace of the vial
(Vgas
tector, following Chiodini (1996) and Caliro et al. (2005), using He as carrier gas. The partial pressure of each gas
species (CO,, N5, O,, Ar and CH,) was determined with reference to standards at different pressures. He partial

= Viot — Viig)> Was analyzed by a gas chromatograph equipped with a Thermal Conductivity (TCD) de-

pressures were determined in the same injection by a leak detector (detection limit 0.00015 mbar).

3.2. The Geochemical Data Set

The data collected in this study (13 springs from the East Eifel) were integrated with bibliographic data to
construct the Eifel-Ardennes-Rhenish Massif data set.

The Eifel-Ardennes-Rhenish Massif data set (Ricci et al., 2026) is constituted by the chemical analysis of 161
water samples, the water isotopic composition (5'%0 %o, 8D %o) of 31 samples, the carbon isotopic composition
(6" Crpic %o) of 47 water samples and the composition of gases dissolved in 8 water samples. The analytical error
of the data set, evaluated by checking the charge balance, is lower than 3% for 54% of samples and is 5% on
average.

3.3. Aqueous Speciation and Geochemical Modeling

The speciation of the solutions, the total dissolved inorganic carbon (TDIC), the partial pressure of carbon dioxide
(pCO,) and the saturation indexes of calcite for each studied groundwater (Ricci et al., 2026) were computed
through the PHREEQC version 3 code (Parkhurst & Appelo, 2013), using the 1lnl.dat thermodynamic database
(Delany & Lundeen, 1990; Wolery, 1979, 1992; Wolery & Jarek, 2003). The PHREEQC version 3 code was also
used to compute the theoretical water-gas-rock interaction models describing the evolution of infiltrating water as
it interacts with a deep gas phase and the host rocks, following the methodology described by Caliro et al. (2005)
and Ricci et al. (2024).
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Figure 2. (a) Binary plot of the total dissolved solids versus bicarbonate content of groundwaters; (b) CI-SO,-HCOj; ternary diagram (Giggenbach & Goguel, 1989);
(c) Langelier-Ludwig diagram; (d) Salinity section in the A-B transect of the Langelier-Ludwig diagram. Red arrows indicate the evolution of East Eifel waters toward
the composition of Andernach (sample 13).

4. Results
4.1. Chemical Composition of Waters

At emergence, the investigated springwaters (13 new data, 148 literature data, Ricci et al., 2026) exhibit tem-
peratures between 5 and 72°C, 16°C on average. Most of the studied waters (approximately 75%) have tem-
peratures close to the average land surface air temperature of the region (7'= 9.68°C, Climate Change Knowledge
Portal, 2025) or slightly higher, while the remaining 25% of samples have temperatures ranging from 15 to 72°C.
Waters with higher temperatures generally emerge from the fractured basement, such as Bad Neuenahr springs
(samples 5 to 9, 23 < T < 42°C), Lahnstein spring (sample 34, T'= 38°C) and Bad Ems borehole (sample 12;
T = 40°C) or along major faults, such as Chaudfontaine springs (samples 153 and 154, T = 32°C and 24°C,
respectively) and Aechean springs (samples 155 to 161, with 7 between 39 and 72°C). The total dissolved solids
(TDS) ranged between 18 and 13,887 mg L ™" (1,625 mg L™ on average), with almost half of the samples having
TDS >1,000 mg L™". The pH values range between 4.3 and 8.9, pH = 6.2 on average; most of waters (80%) are
acidic (pH < 7) and almost half of samples show a pH between 5.5 and 6.5.

Bicarbonate is the most abundant ion and shows a good correlation with the TDS (R? = 0.70, Figure 2a).

The C1-SO,-HCO; diagram (Giggenbach & Goguel, 1989; Figure 2b) shows that most of the samples are “pe-
ripheral waters,” distributed along a trend pointing toward the range of “mature waters.” Only a few samples fall
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within the “mature waters” domain: Densborn (sample 53, the most acidic water of the data set, with pH = 4.3),
Aachen springs (showing the highest temperatures of the data set) and Cologne (sample 1) spring, a highly saline
(TDS = 13,887 mg L") and slightly acidic (pH = 6.1) Na-Cl water.

The Langelier-Ludwig diagram (Langelier & Ludwig, 1942; Figure 2c) shows that the majority of samples (79%)
are bicarbonate-Earth alkaline waters, the 14% are bicarbonate—alkaline waters and the remaining samples (7%)
are chloride-alkaline waters.

Bicarbonate-alkaline and chloride-alkaline waters are characterized by a high salinity (TDS >1,440 mg L™,
while bicarbonate-Earth alkaline waters are associated with both high and low TDS contents. Most springs with a
thermal footprint fall in the range of bicarbonate-alkaline waters, with the exception of Chaudfontaine springs,
which plot in the bicarbonate-Earth alkaline domain (as almost all the Ardennes groundwaters) and Aechean
springs that have chloride-alkaline composition.

East and West Eifel samples are both bicarbonate-alkaline and bicarbonate-Earth alkaline waters, with East Eifel
waters roughly aligned along a trend pointing toward Andernach (sample 13, Figure 2c), the water with the
highest HCO; content of the study area (Figure 2a). The salinity section (Figure 2d) slightly shows the same trend.

Aachen springs are characterized by a TDS ranging between 3,832 and 4,426 mg L', markedly higher than the
TDS of the majority of Ardennes springwaters (442 mg L™" on average). Figure 2d clearly shows that these Na-CI
waters do not align on the same trend on the Ardennes samples.

4.2. Estimation of Reservoir Temperatures

In order to estimate the temperature at aquifer conditions, water maturity was first evaluated (Supporting In-
formation S1). Most solutions (94% of samples) are immature; thus, their composition is controlled by rock
dissolution rather than equilibration (Giggenbach, 1988). This makes these waters unsuitable for temperature
estimation based on Na/K and K/Mg cation geothermometers (Giggenbach, 1988). The remaining solutions are
partially equilibrated, showing dilution effects, and are suitable for the application of the Na/K geothermometer.
These waters are Aachen springs (sample 155 and 161) and three Rhenish Massif sensu strictu springs (samples 1,
35 and 36). The effects of dilution or mixing with low ionic strength solution on water maturity, following
Romano and Liotta (2020), are detailed discussed in Supporting Information S1. The computed aquifer tem-
peratures by means of the Na/K geothermometer (Giggenbach, 1988) are between 127 and 142°C for Rhenish
Massif sensu strictu waters and between 182 and 201°C for Aachen springwaters. Regarding SiO, polymorphs,
the speciation of groundwater samples where the SiO, concentration is known (i.e., West Eifel springs, Ardennes-
Aachen waters and two Rhenish Massif sensu strictu waters, which are samples 10 and 11) reveal that all these
solutions are oversaturated with quartz and chalcedony at emergence and undersaturated with amorphous silica.
Quartz geothermometry (Fournier & Potter, 1982) applied to these waters by correcting for dilution effects
confirms the results computed with the Na/K ionic geothermometer, highlighting temperatures up to 200°C.

4.3. Stable Isotopes of Water

The isotopic composition of stable isotopes of waters (8D-8'%0 plot, 13 East Eifel data from this work, 18
Ardennes data from literature; Ricci et al., 2026) is shown in Figure 3. The 8D values are comprised between
—71.4%0 and —50.6%o, while the §'30 ranges from —9.7%o to —7.3%o. Most of the samples fall along or between
the global meteoric water line (GMWL; Craig, 1961) and the regional meteoric water line (RMWL; Stumpp
et al., 2014). The deuterium excess, d, is a second order parameter reflecting non-equilibrium isotope fraction-
ation during evaporation (d = 8D-85'%0; Dansgaard, 1964) and depending on sea surface temperature and relative
humidity. Our data show a d between 5.6 and 10.7%¢ (8.0%0 on average), falling in the range of predicted
evaporation d for the northern hemisphere (Pfahl & Sodemann, 2014). The only exception is sample 32, char-
acterized by a lower deuterium excess (d = 2.2%o), likely related to evaporation after spring emergence.

Based on the oxygen isotopic composition of Koblenz rainwater (8'0 = —7%o, Stumpp et al., 2014), the average
altitude of Koblenz (73 m a.s.l.) and the global average elevation gradient (—2.8%oc/km, Kern et al., 2020), the
altitudes of the recharge area have been computed to be between 180 and 860 m a.s.l., in agreement with the
maximum altitudes of Volcanic Eifel (Hohe Acht, 747 m a.s.l.) and Ardennes (Signal de Botrange, 694 m a.s.1.).
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Figure 3. 8D versus 3'%0 plot. Solid line is the World Meteoric Water Line (WMWL, Craig, 1961); dashed line is the
Regional Meteoric Water Line (RMWL, Stumpp et al., 2014). The isotopic composition of Koblenz rainwater (open star,
Stumpp et al., 2014) is shown as a reference. East Eifel data are from this work, Ardennes data are from Griesshaber
et al. (1992), Barros et al. (2021), Defourny et al. (2022), Gomez-Diaz et al. (2025), and references therein.
4.4. Dissolved Gases
Eight East Eifel springs were sampled in July 2022 to determine the chemical composition of the dissolved gases
(Ricci et al., 2026). The content of non-reactive gaseous species He, Ar and N, is shown in the ternary diagram of
Figure 4.
East Eifel
N,/20 @)
/\ Air saturated water (ASW)
300He 2Ar
Figure 4. Ternary diagram of relative abundances of Ar-N,-He in East Eifel samples, showing also the composition of air
saturated water (ASW, gray triangle) and air (open triangle).
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Here, as a reference, the compositions of air and of air-saturated water (ASW) are reported. ASW was computed
using the PHREEQC version 3 code by equilibrating meteoric water from the study area (Deuselbach rainwater,
Kriamer et al., 1996) with the atmosphere. In practice, this corresponds to equilibrate the solution with the at-
mospheric partial pressures of Ar, CO,, He and N,,.

Figure 4 shows that most samples align along a trend between the ASW and a He-rich endmember. Only sample
22 slightly deviates from this trend, falling between the composition of the ASW and of air and sample 33, having
almost the same Ar-N,-He relative abundances of air.

To interpret the chemical composition of gases dissolved in springwaters, data are compared to three theoretical
models, defined by Caliro et al. (2005) and Ricci et al. (2024), that simulate the evolution of a meteoric water
progressively interacting with the deep gas (DG) and the host rocks (Figures 5a and 5b).

The DG consists of a mixture of CO,, He, Ar and N,. The definition of the DG, the host rock and the three
theoretical water-gas-rock interaction models (Model 1, Model 2, Model 3) are described in detail in Supporting
Information S1. Model 1 (Figure 5a) is obtained by adding the DG to the ASW assuming the absence of CO,
degassing and calcite precipitation (no sink condition, Chiodini et al., 2000). In Model 1, the confining pressure is
always higher than the gas pressure; therefore, degassing is prevented. Model 2 is implemented assuming
continuous degassing at 1 bar and 9°C, which practically means setting the total gas pressure at 1 bar and the
temperature of the system at 9°C during the progressive addition of the DG and the concomitant dissolution of the
volcanic glass. This model simulates the P-T condition corresponding to the aquifer-atmosphere interface. Model
3 is performed with the aim to simulate the degassing under aquifer conditions. This model is implemented
analogously to Model 2, with the difference that, in Model 3, the addition of the DG and the dissolution of the
volcanic glass to the ASW were simulated by setting the total gas pressure at 4 bar and the temperature of the
system at 160°C. The P of Model 3 (4 bar) is the maximum pCO, at which the studied samples equilibrate with
calcite, under the assumption that solutions oversaturated with calcite at the surface were at least in equilibrium
with this mineral prior to CO, degassing; the 7 of Model 3 (160°C) is the average temperature of the reservoir
computed with the K-Na cation geothermometer (see Section 4.2).

In Models 2 and 3, the incremental addition of the DG induces the progressive degassing of the solution and the
precipitation of calcite. At each addition step, the number of the dissolved species, the exsolved gases and the
precipitated calcite have been computed.

In Figure 5a, the theoretical models are compared to the dissolved gas composition of Eifel waters. Model 1
(dashed line in Figure 5a) is a binary mixing between the ASW and the DG and is unable to constrain the dissolved
gas data. Model 2 (blue curve in Figure 5a) and Model 3 (pink curve in Figure 5a) both show a hyperbolic trend
due to the different solubilities of Ar, He, and CO, in water. Ar and He preferentially exsolve before CO,, which is
stable as dissolved in water up to a higher amount of added DG and reacts with the volcanic glass. When pCO,
equals the total gas pressure, the water system begins to degas CO,. This drives the evolution of Models 2 and 3
toward CO, apex. Sample 19, 21 and 30 are better explained by Model 2, while sample 24 is accurately inter-
polated by Model 3. The composition of the remaining samples cannot be explained through these two models.
Samples 33 and 22 are affected by air contamination (Figure 5a); sample 20 and 26 are consistent with a binary
mixing between the ASW and different phases defined by Model 2 (light blue stars in Figure 5a). For instance,
sample 20 lies along the mixing line between ASW and phase PA (mixing line 1, Figure 5a), defined by Model 2
and composed by 4.85 x 107> mol kg™"' of CO,, 7.47 x 10~ mol kg™" of He and 6.99 X 107° mol kg™" of Ar;
sample 26 is consistent with mixing between the ASW and phase PB (mixing line 2, Figure 5a), composed by
5.40 x 1072 mol kg™" of CO,, 2.58 x 10~ mol kg™" of He and 2.36 x 107® mol kg™ of Ar.

4.5. Evolution of Inorganic Carbon Dissolved in Groundwaters

To unravel the source of CO, dissolved in the Eifel-Ardennes-Rhenish Massif groundwaters, the isotopic
composition of the dissolved inorganic carbon (8'*Cyppe, 13 new data, 34 literature data, Ricci et al., 2026) was
investigated. Figure 6 displays the external carbon (C.,,) and the 5'*C of external carbon (5'C,,,) dissolved in
groundwaters compared to the theoretical models (Model 1, Model 2 and Model 3) described in Section 4.4. C,,
is the fraction of TDIC derived from sources external to the aquifer and is computed according to Chiodini
et al. (2000) and Frondini et al. (2019) as follows:
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Figure 5. (a) He-Ar-CO, ternary diagram, showing the composition of East Eifel samples, air saturated water, air, deep gas and the evolution trends predicted by Model 1
(dashed black line), Model 2 (blue line) and Model 3 (pink line). The diagram also shows the theoretical phases PA and PB (light blue stars) and the mixing lines 1 and 2
(dotted light blue lines); (b) conceptual illustration of the three theoretical models.

Cext = TDIC — Ceyy (1
where C_,;, is the amount of dissolved carbon supplied by carbonate mineral dissolution, given by
Cea, = mCa + mMg — mSO, 2)
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Figure 6. 5'°C —C.x plot of the studied springs. The theoretical evolution of groundwaters as computed by Model 1 (dashed black curve), Model 2 (blue curve), Model

ext

3 (pink curve) and Model 4 (gray curve) is also shown (see text).

In Equation 2, mCa, mMg and mSO, are, respectively, the moles of dissolved calcium, magnesium and sulfate in
each water system.

The corresponding 8'°C,,, is computed by

3= (3" =3 Cun i) x o
If no carbonate minerals occur in the aquifer(s), the amount of C_,;, is negligible, leading to
Cex = TDIC @
and
313 Cey = 8" Crpic )

For the other systems, the 8'C,,, is determined by Equation 3, using 8'*C,,;, equals to +1.4%o (average 8'°C of
the Mediterranean Eocene-Oligocene carbonates, Bodiselitsch et al., 2004; Cornacchia et al., 2018).

Samples emerging from the East Eifel and the Rhenish Massif sensu strictu do not require any correction of the
TDIC by removal of the C_,, since these waters circulate on volcanic and/or metamorphic-siliciclastic lithol-
ogies, where carbonate-bearing minerals (e.g., limestones) are rare or absent. Therefore, for these solutions, C_,,

is equal to zero and C,,, corresponds to the TDIC. Carbonate occurrence in Ardennes host rocks is challenging to
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assess. In-sequence thrusting models of the Ardennes predict carbonates (Devono-Carboniferous limestones
outcropping to the northern Ardennes) below the Stavelot-Venn Massif (from which Spa, Bru and Malmedy
springs emerge) at a depth of 2—6 km (Barros et al., 2021 and references therein), while out-of-sequence thrust
propagation models confine carbonates to the north of the Massif (Barros et al., 2021). To evaluate both scenarios,
the C,,,, for Ardennes waters was computed (Ricci et al., 2026). It is noteworthy that the computed C_,,;, contents
are low, constituting less than 10% of the TDIC for most samples and reaching 20%—-25% of the TDIC only for
three samples (samples 124, 131 and 141). This leads to minimal variations in the computed 8'*C,_,, resulting
similar to the 8'*Cype for most samples.

The three theoretical models shown in Figure 6 (and defined in Section 4.4) simulate the evolution of an infil-
trating water that progressively interacts with a mantle-sourced CO,-rich gas phase. The carbon content of the
infiltrating water (C,,¢) and its isotopic composition (8'>C,) are assumed to be equal to the C,,, and the 5'*C,, of
Sop water (sample 124; 8.54 x 10™* mol kg™ and —23.71%, respectively). This sample is assessed to be
representative of the infiltrating water considering the low '*C content and the low C,,,, both suggesting the
absence of any Cge,,, inputs (Chiodini et al., 2000).

The isotopic composition of the DG (6'3Cdeep) is set to —3%o, as the 8'°C signature of the free gaseous phase
(8"*Ccoy) measured at Laacher See (R/Ra = 5.4, Briuer et al., 2013). Model 1 evolves following a hyperbolic
trend, asymptotic to the 613Cdeep value (—3%0c). Model 2 retraces the trend of Model 1 up to
Ceo = 125 x 107> mol kg™ and 6"*C —4.33%o, then, when the solution reaches the saturation with CO,, it
starts to degas carbon dioxide. This induces a shift toward higher 613cht than those predicted by Model 1,
reaching 8'°C,,, = +2.34%o at the end of the simulation. Model 3 has the same trend as Model 2, but the shift
toward higher 8'*C,,, begins at C.,, = 3.12 x 1072 mol kg~", 8"3C,,, = —3.53%0 and 8'"°C,,, of +2.77%0 is
reached by the end of the simulation.

ext —

The majority of samples plot along Model 2 and Model 3 or between them. Most of Ardennes samples can be
explained by all the 3 models, since they plot where the models are practically coincident. Four samples from the
East Eifel (samples 19, 22, 23 and 25) are not constrained by the three models, since they show much positive
8'%C.,, than those predicted by the models. Two East Eifel waters (samples 31 and 32) and five Ardennes samples
located at Spa (samples 124, 126 and 129) and at Bru (samples 131 and 132) show strongly negative values of
8'%C.,, lower than —19.5%o, suggesting (a) the absence of any deep C source and (b) the contribution of organic
carbon. These data are in agreement with a model that simulates the interaction between the infiltrating water and
organic carbon (Model 4, gray line in Figure 6) performed by adding 0.0085 mol of organic carbon (C,;,) with a
carbon isotopic composition (8'°Cy,;,) of —28%o (Chiodini et al., 2000 and references therein) to the infiltrating
water in 100 steps.

4.6. Computation of the Deep Carbon Flux

The total dissolved inorganic carbon (TDIC), the partial pressure of CO, (pCO,) and the calcite saturation index
(SI.yeie) Of springwaters were computed by performing aqueous speciation of each solution through the
PHREEQC version 3 code and the results are reported in Ricci et al. (2026). To reconstruct the original carbon
content at aquifer conditions, the TDIC of samples that, at sampling conditions, are oversaturated with calcite
(SL.aicite > 0) were re-computed with increasing pCO, until the equilibrium with calcite is achieved. The resulting
Computed Total Dissolved Inorganic Carbon, TDIC,, represents the total carbon content of each solution under
aquifer conditions. For samples that, at emergence, are in equilibrium or undersaturated with calcite (SI ;e < 0),
TDIC is equal to TDIC,. The deeply derived carbon (Cge,,, ) is computed following Ricci et al. (2024) by the
equation:

Cdeep,c = Cext,c - Cinf (6)

where C,,, . is computed as follows:

ext,c

Cext,c = TDICC - Ccarb (7)

Results of TDIC,, C.y . and Cge, . for each springwater are listed in Ricci et al. (2026) and a statistical
description of these parameters is provided in Supporting Information S1.
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The average CO, flux in the Fifel-Ardennes-Rhenish Massif area can be estimated by means of the following
equations:

fCO2 = 7/Cdeep,c XIxe (8)

and
I = uP X EIC ©)

where NCeepc is the median of Cyeep (3.59 X 107> mol kg™', 95% CI [2.87 X 1077 4.50 X 10~ mol kg™']), Tis
the infiltration, pP (mm/yr) is the mean annual precipitation, EIC is the effective infiltration coefficient, an
empirical, dimensionless parameter depending on the lithology and expressing the percentage of precipitation that
infiltrates at depth (Rossi & Donnini, 2018) and ¢ is the factor needed to convert I from mm to L km~2 (e = 10%).

To properly apply Equations 8 and 9, some hydrological and lithological observations are required. The mean
annual precipitation over the area is lower on the eastern side (East Eifel, 596—-658 mm/yr, Meersmans et al., 2016;
Stumpp et al., 2014) and increases westward (West Eifel, e.g., 724—-872 mm/yr, Meersmans et al., 2016; Stumpp
et al., 2014; Steinritz et al., 2024 and references therein), reaching highest values in the Ardennes
(1,100-1,200 mm/yr, Meersmans et al., 2016). The average annual precipitation pP is 848 + 216 mm/year.

The average EIC determination requires further considerations. The Rhenish Massif, made of sandstones, schists
and slates, is characterized by low permeability and limited porosity. According to literature data for similar
lithologies (metamorphic/sedimentary terrains), the EIC can be considered to be 0.08-0.18 (Duda et al., 2006;
Patil et al., 2019; Stako et al., 2012), in agreement with Herrmann et al. (2015). The Volcanic Eifel displays a
variety of volcanic formations, from lava flows to lapilli fallout deposits (Schmincke, 2007) characterized by
different permeabilities. Although volcanic terrains generally exhibit higher EIC (e.g., EIC of 0.3 for Italian
volcanic provinces, Rossi & Donnini, 2018; EIC of 0.3-0.5 for the highly vesicular and fractured basalts of
Infranz catchment area, Ethiopia, Nigate et al., 2020), it is noteworthy the Eifel volcanics stack on the Rhenish
shield. Water circulation, enhanced by structural discontinuities, extends beyond the shallow volcanic layers,
involving the basement. In addition, the strong erosion characterizing West Eifel (Schmincke, 2007) also favors
the infilling of rainwater through the metamorphic formations of the Rhenish Massif rather than through the
volcanic deposits. Hence, the EIC in the Volcanic Eifel is likely comparable to that of the Rhenish Massif
(EIC ~ 0.1-0.2). In the Ardennes, dominant lithologies involve low-grade metamorphic rocks (schists, slates,
quartzites) and sedimentary deposits (sandstones and limestones). As stated by Barros et al. (2021), the main
water storage is in the fractured/faulted quartzites (Barros et al., 2021), where permeability can be considered on
average not high, except for areas of extensive fracture systems (Rossi & Donnini, 2018). According to the es-
timations performed on similar lithologies (metamorphic rocks/sandstones, Duda et al., 2006; Patil et al., 2019;
Stako et al., 2012), Ardennes EIC can be considered to be of ~0.1-0.2, similar to that characterizing the Rhenish
shield.

Based on the aforementioned observations, we considered a value of 0.15 as a proper average EIC for the study
area.

The application of Equations 8 and 9 provides an average deeply derived CO, flux of 5 + 2 X 10° mol yr™' km™2.

A rough estimation of the total CO, emission rate (rCye,,) from the study area can be given by
1Cyeep = fCO, X S (10)

where S is the surface extension of the study area (1,600 + 160 km?), computing a 1Cyeep Of 7 £ 4 X 10° mol yr=".

5. Discussion
5.1. Origin of Fluids

The Eifel-Ardennes-Rhenish Massif springwaters originate from the infiltration of meteoric water, as inferred by
the 8'%0-8D diagram (Figure 3), with the addition of a deep gas phase, mainly deriving from the mantle. He
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Figure 7. Spatial distribution of R/Ra ratio in springwaters emerging at the East Eifel (Bekaert et al., 2019; Briuer et al., 2013; Griesshaber et al., 1992), the Rhenish
Massif sensu strictu (Bréuer et al., 2013; Griesshaber et al., 1992) and the Ardennes regions (Defourny et al., 2022; Griesshaber et al., 1992), in Laacher See lake
(Giggenbach et al., 1991) and in fluid inclusions from West Eifel (Rizzo et al., 2021).

isotope distribution in groundwaters (Bekaert et al., 2019; Briuer et al., 2013; Defourny et al., 2022; Griesshaber
et al., 1992; Figure 7), Laacher See lake (Giggenbach et al., 1991) and in fluid inclusions (Rizzo et al., 2021 and
references therein) shows an intriguing spatial variability in the *He/*He ratio. In the Volcanic Eifel, R/Ra (where
R stands for the *He/*He ratio in the sample and Ra is the *He/*He ratio of atmosphere, equals to 1.38 X 107°,
Clarke et al., 1976) is between 4 and 6.8 (Bekaert et al., 2019; Briuer et al., 2013; Giggenbach et al., 1991;
Griesshaber et al., 1992; Rizzo et al., 2021 and references therein), in the range of the typical signature of the
subcontinental lithospheric mantle (R/Ra = 6.1 = 0.9, Gautheron & Moreira, 2002; R/Ra = 6.1 £ 2.1, Day
et al., 2015) and congruent with the R/Ra ratio measured in fluids from other ECRIS sectors (French Massif
Central, Boudoire et al., 2023; Eger Rift, Daskalopoulou et al., 2025). Highest ratios characterize fluids escaping
in the surrounding of Laacher See and Wehr volcanoes (R/Ra between 5.2 and 5.6, Briuer et al., 2013; Gig-
genbach et al., 1991; Griesshaber et al., 1992) and fluid inclusions from West Eifel (R/Ra from 5.5 to 6.8, Rizzo
et al., 2021). Ardennes show lower ratios (R/Ra from 0.2 to 2.8, Defourny et al., 2022; Griesshaber et al., 1992),
while fluids emerging from the Rhenish Massif sensu strictu encompasses a wider R/Ra range, between 0.8 and
4.9 (Briuer et al., 2013; Griesshaber et al., 1992). This indicates mixing of the mantle source with a crustal
component (R/Ra = 0.05, Andrews, 1985) and/or with atmospheric gases (R/Ra = 1, by definition). Such spatial
distribution suggests Volcanic Eifel, Ardennes and Rhenish Massif sensu strictu may belong to a unique
degassing system, with Volcanic Eifel (where fluids show up to 74% of mantle-He, Griesshaber et al., 1992) as
the core and the Ardennes (where crustal-He is between 50% and 80%, Defourny et al., 2022) and Rhenish Massif
sensu strictu (mantle—He between 8% and 57%, Griesshaber et al., 1992) as the peripheral areas of the degassing
structure. These findings reinforce the observations of Defourny et al. (2022), who previously suggested a link
between the Ardennes and the Volcanic Eifel by combining 8'*C and He/CO, data.

The Langelier-Ludwig diagram (Figure 2c), supported by the salinity section (Figure 2d) and the HCO5-TDS
binary plot (Figure 2a), highlights that springwaters are the result of mixing between low-mineralized, shallow-
circulating waters and highly mineralized fluids associated with the deep hydrothermal system. The latter are: (a)
the Rhenish Massif sensu strictu groundwaters, which preserve a marked thermal footprint at emergence, showing
the highest TDS of the entire data set and being characterized by sodium-chloride or sodium-bicarbonate
composition and (b) Aechean springs (sample 155 to 161), hydrothermal waters with Na-Cl composition and
high TDS (~4,000 mg L™"), whose maturity suggests long residence times. Major fault systems from which these
springs emerge have a key role in enhancing the circulation at depth, allowing the imprint of the hydrothermal
features and the rising at the surface.
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The good correlation between bicarbonate and the Total Dissolved Solids (Figure 2a) hints that bicarbonate
concentration is a major driver of water salinity and this is easily explained considering the behavior of bicar-
bonate in water as a weak acid, enhancing the dissolution of the surrounding rocks.

Both East and West Eifel waters (with exception of sample 53) lie in the bicarbonate field of the Langelier-
Ludwig diagram (Figure 2c), spanning the bicarbonate-Earth alkaline and the bicarbonate-alkaline composi-
tion. Considering the alkaline chemistry of Eifel volcanics and the high CO, content of these springwaters (pCO,
up to 2 bars; CO,% vol in the free gas up to 99.8%, Briuer et al., 2013), the dissolution of volcanic glass driven by
carbonic acid is the main mechanism acting in these areas. The high concentration of dissolved CO, prevents the
attainment of the equilibrium, which explains why East and West Eifel waters are immature. Andernach (samples
13) might be considered the most representative of the “deep East Eifel aquifer” (Figures 2c and 2d). Andernach is
the world's highest cold geyser (height comprises between 30 and 60 m), fed by a 350 m-depth artesian well and
emerging at the intersection of two major fault systems: the NE-SW Siegen Thrust Fault and the NW-SE
Andernach fault (Bornemann et al., 2020), constituting the pathway for gas ascent (Bornemann et al., 2020).
Ardennes waters, on the other hand, plot in the bicarbonate-Earth alkaline sector (Figure 2c), consistent with the
lithologies occurring in the area (slates, quartzites, sandstones). Although Ardennes show a weak tendency to-
ward the Na-Cl vertex and therefore toward Aachen waters, the salinity section and the HCO5-TDS diagram
clearly indicate that Ardennes and Aachen systems are the result of distinct processes that led to a different water
composition.

Theoretical models of water-gas-rock interaction that simulate the evolution of a meteoric water progressively
interacting with a mantle-derived, CO,-rich gas phase and degassing CO, at the surface (Model 2, P = 1 bar) and/
or at aquifer conditions (Model 3, P = 4 bar) constrain the chemical and isotopic composition of most of the
studied samples (Figures 5 and 6).

The shift affecting the trend of Model 2 and Model 3 (Figure 6) is due to CO, degassing, occurring when
oversaturation with CO, is achieved. In fact, the separation of a new phase is accompanied by isotopic frac-
tionation, which makes the heavier phase (i.e., water) enriched in the heavier nuclides (13C), while '2C leaves the
system with the gaseous phase (i.e., degassed CO,).

Neither Model 2, nor Model 3 can explain the isotopic composition of external carbon of four samples from the
East Eifel (samples 19, 22, 23 and 25), since they show much positive 613Cext than those predicted by the
theoretical models. These compositions would be constrained only considering a heavier C of mantle CO,, with
8"3C up to —1%o. This is in contrast with free gas data, where 6'3CCO2 is between —6.3 and —3%o at East Eifel
(Bréuer et al., 2013) and is up to —2%o only in the southern side of West Eifel (Bréuer et al., 2013). Isotopic
measurements of 8'*C, in fluid inclusions entrapped in mantle xenoliths would be required to shed a light on
the pristine isotopic composition of mantle C beneath the Eifel region.

Finally, Figure 6 displays the theoretical models based on East Eifel data and also predicts the C,,, and the 512 Cext
composition of Ardennes springwaters. This result corroborates the hypothesis of Defourny et al. (2022), which
suggests that mantle gas escaping from the Ardennes and the Volcanic Eifel has a common origin. The lower R/Ra
ratios measured in the Ardennes (Figure 7), together with lower % of mantle He in the gas phase (from 12% to
35%, Barros et al., 2021; Griesshaber et al., 1992), suggest that Ardennes volatiles may be a mix of mantle and
crustal/atmospheric gases, while Eifel fluids preserve the mantle footprint. Fluids with mantellic markers mainly
occur where magma dikes rise (i.e., in the Volcanic Eifel); moving away from the eruptive centers, the magmatic
signature becomes diluted, since the deep fluids rising through the oblique sub-lithospheric faults mix with crustal

and, ultimately, with atmospheric gases, explaining the lower values measured, for instance, in the Ardennes.

5.2. CO, Budget

The average deeply derived CO, flux here computed for the Eifel-Ardennes-Rhenish Massif area is
5+ 2 % 10° mol yr~' km™2 and the total deeply sourced CO, emission rate is 7 + 4 X 10° mol yr~'. The CO,
emission rate is one order of magnitude higher than (a) the CO, degassing estimated from West Eifel
(3.7 x 10® mol yr™!, May, 2002) and (b) the CO, degassing estimated (1.1 + 0.3 x 10® mol yr™', Aeschbach-
Hertig et al., 1996) and measured (2.9 £ 0.1 X 10® mol yr_], Pérez et al., 2011) at Laacher See. Therefore, the
CO, annually emitted from the Laacher See would account for just 4% of the total emission rate from the Eifel-
Ardennes-Rhenish Massif region. On the other hand, it is worth noting that the specific CO, flux from the Laacher
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Figure 8. Comparison of the total CO, emission rates (rCO,) from active (East African Rift, EAR) and passive rifts (European Cenozoic Rift System, ECRIS). Data are
from (a) Lee et al. (2016), (b) Hunt et al. (2017), (c) Sawyer et al. (2008), (d) Brantley and Koepenick (1995), (e) Fischer et al. (2009), (f) Lee et al. (2017), (g) this work,
(h) Ricci et al. (2024), and (i) Weinlich et al. (1999).

See (1.2 x 10® mol yr~' km™, Pérez et al., 2011), which considers the surface area from which the outgassing
occurs (2.5 km?), is two orders of magnitude higher than the average flux here computed from the whole region
(5 + 2 x 10° mol yr~! km™, surface area of 1,600 km?). According to Dahm et al. (2020), the largest CO,
reservoir of East Eifel might be at Wehr (~1 km westward the Laacher See), where 1.8 x 10° mol yr™" are
produced from CARBO industries (Dahm et al., 2020 and references therein). Our data confirm the neighboring
of Laacher See (e.g., Wehr, Rieden, Plaidt) is affected by strong CO, transport through groundwaters (with Cyeep
up t0 2.52 x 10~ mol kg™"), but similar deep C contents can be found in the Rhenish Massif sensu strictu (e.g., at
Bad Honnef). Similarly to what can be observed in the French Massif Central (Ricci et al., 2024), CO, degassing
from the Eifel-Ardennes-Rhenish Massif area is strongly driven by the tectonics, with fractures and/or faults
favoring the rise of mantle CO,, even in the absence of volcanism. The deeply sourced CO, emission rate from the
Eifel-Ardennes-Rhenish Massif area is of the same order of magnitude than those computed at the French Massif
Central (1.52 + 0.14 x 10° mol yr™", Ricci et al., 2024) and one order of magnitude higher than the emission rate
in the western Eger rift (3.6 x 10% mol yr™"). This points to a slight spatial variability in the extent of the out-
gassing within the ECRIS system. These values are from the same to four orders of magnitude lower than the CO,
emission rates measured or estimated along the East African Rift (Figure 8), whose surface area is about two order
of magnitude higher than the Eifel-Ardennes-Rhenish Massif and the French Massif Central regions:
5.31 x 10° mol yr™' at the Magadi-Natron hydrothermal system (Lee et al., 2017); 7.7 X 10'° mol yr™" from the
Nyragongo (Sawyer et al., 2008); 5.5 x 10'° mol yr~! from the Oldoinyo Lengai (Brantley & Koepenick, 1995;
Fischer et al., 2009); 5.5 x 10" mol yr~" at the Main Ethiopian Rift (Hunt et al., 2017); 9.2 X 10'° mol yr™" at the
Magadi-Natron basin (Lee et al., 2016); 0.9-7.4 x 10" mol yr™' (Hunt et al., 2017) and 1.6 x 10" mol yr~"' (Lee
et al., 2016) from the Gregory Rift (eastern branch of the East African Rift).

6. Conclusions

This paper provides the first regional estimation of the deep CO, emission rate transported by groundwaters in the
Eifel-Ardennes-Rhenish Massif area (7 + 4 X 10° mol yr™ ), corresponding to a flux of 5 + 2 X 10° mol yr™' km ™2,
This value is of the same magnitude as the global CO, flux baseline characterizing geothermal regions
(10° mol yr! km™2, Kerrick et al., 1995). Between 45% and 85% of the total deep carbon rising from the mantle
and transported toward the surface by groundwaters is released in the atmosphere and/or precipitated as calcite.
This highlights the relevance of CO, degassing from passive rifts in the evaluation of the endogenous Earth CO,
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outgassing, which remains one order of magnitude lower than the degassing affecting active rifts (0.26-1 X
107 mol yr~' km™2, Hunt et al., 2017; Lee et al., 2016). We also determine, for the first time, the chemistry of East
Eifel dissolved gases, which allows us to unravel the dynamics of the degassing process. Groundwaters underwent
CO, release between aquifer depth (4 bar, 160°C) and spring emergence (1 bar, 9°C). The isotopic evolution of
dissolved carbon and the spatial distribution of He isotopes reveal that the Ardennes, Volcanic Eifel and Rhenish
Massif are part of a unique degassing system. This evidence, previously suggested by Defourny et al. (2022), is
demonstrated here through theoretical degassing models based on East Eifel geochemistry, which also constrain
the carbon isotopic signature of the Ardennes and Rhenish Massif groundwaters. We propose that tectonic
structures are the main pathway for CO, rise and transport in the region. The existence of a continuous S-E dipping
reflector, extending from the Ardennes to the Volcanic Eifel with a minimum length of 80 km (Eickhoff
et al., 2025) supports our scenario. Furthermore, these reflecting zones have a low impedance contrast that may
indicate the occurrence of fluids within the Eifel Fold and Thrust Belt (Eickhoff et al., 2025).
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