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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Geogenic gas emissions can increase 
concentrations of greenhouse gases in 
atmosphere.

• Natural gas releases in orogenetic belts 
and weathering black shales occur 
worldwide.

• Complex interaction of physical, 
geochemical, microbial and hydrologi
cal conditions

• Rock degassing studies give evidence of 
processes controlling diffuse gas 
emissions.

• Isotopic data inform on maturation and 
ongoing post-genetic secondary 
processes.
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A B S T R A C T

Natural hydrocarbon gas seeps have been reported over a wide range of geological settings, and their contri
bution to atmospheric concentrations of potent greenhouse gases (CO2, CH4) may be considerable. Potential gas 
sources in sedimentary environments include organic-rich source rocks such as peats, coalbeds, and shale clays. 
The origins of natural methane seepages occurring in the French Subalpine Chains are poorly constrained and 
only little information is available on the mechanisms behind the gas release by weathering of organic-rich 
shales, notably when overprinted by recent tectonism. The investigated site, where outcropping Callovian- 
Oxfordian black shales emit methane, higher alkanes and CO2 through macro- and micro-seeps, shows the 
complexity of these mechanisms. We report geochemical, isotopic and petrographic data from the Meylan- 
Rochasson eternal flame site, from in-situ measurements, gas, pore water and sediment sampling and degass
ing experiments, and propose a conceptual model covering all stages of reservoir evolution from early diagenesis 
to exhumation and weathering. Rock degassing experiments under helium allowed extracting alkanes and CO2 
dissolved in pore waters. Isotopic signatures from below 20–40 cm are comparable to the macro-seep, indicating 
a common thermogenic origin of alkanes through maturation of organic matter at ~150 ◦C. Secondary methane 
oxidation processes affect both point- and diffuse emissions of thermogenic methane. In the pore waters of 
outcropping shales and colluvium thermogenic gas mix with a microbial methane component. This superposition 
of weathering, oxidation of OM and microbially driven processes needs to be considered in future studies 
investigating the importance of direct natural gas emission from shales worldwide.
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1. Introduction

Methane is one of the trace gases in atmosphere that plays a major 
role on the global greenhouse effect being 28 times more powerful than 
CO2. Global CH4 emissions have been estimated to ~500–600 million 
tonnes CH4 per year (Mt. yr− 1) (Conrad, 2009; Saunois et al., 2017). 
Around 60 % of these emissions are due to human activity (anthropo
genic), while about 40 % come from natural methane sources (IAE, 
2023). Important quantities of methane emissions originate from mi
crobial activity in wetland environments and freshwater lakes (Borrel 
et al., 2011; Venturi et al., 2021; Wang et al., 1996). Geological emis
sions are significant, esp. from oceanic gas hydrates under the effects of 
climate change, seeps in petroleum-bearing sedimentary basins or in 
volcanic and geothermal areas (Etiope et al., 2009a, 2007; Etiope and 
Klusman, 2002; James et al., 2016; Ruppel and Kessler, 2017). Estimates 
for global geological CH4 release are controversial and range from ~1.6 
Mt. yr− 1 to ~45 Mt. yr− 1 (Hmiel et al., 2020; Mazzini et al., 2021). 
Abiotic sources involve magmatic degassing including volcanic emis
sions and igneous rock degassing, hydrothermal sources but also alter
ation processes of ultramafic rocks (Etiope and Sherwood Lollar, 2013). 
Thermogenic methane is linked to catagenic hydrocarbon-generation 
processes in organic matter-rich rocks, such as conventional (sand
stone and limestone) and unconventional (shales) petroleum reservoirs 
in sedimentary basins (Etiope et al., 2013, 2009a). Apart from these 
primary sources, secondary microbial gases by anaerobic biodegrada
tion of hydrocarbons can be present (Etiope et al., 2009b; Gong et al., 
2017; James and Burns, 1984). Natural CO2 and CH4 gas emissions can 
thus have different sources and migration pathways. The pathways of 
methane emissions depend on the geological context and the gas sour
ces. Direct emissions are from volcanoes, surficial emissions through 
soils and sediments (micro-seeps), and deeper emissions through frac
ture networks developed at different scales of the crust (macro-seeps) 
(Etiope, 2015). Fracture networks are associated to weathering pro
cesses developed in the critical zone (Ding et al., 2012; Lachassagne 
et al., 2011), and to faults created in active tectonic environments that 
act as pathways for gas seepage (Etiope and Klusman, 2002; Klusman, 
2018; Sugisaki et al., 1980).

The Jurassic “Terres Noires” shales of SE France are a marine clay 
formation rich in organic matter, attributed to the Callovian Oceanic 
Anoxic Event (Jenkyns et al., 2002), with outcrops along the southern 
Subalpine Chains (French Alps). They are well known for their hydro
carbon content (Guilhaumou et al., 1996; Moss, 1992), and occurrence 
of methane seeps (Blavoux and Dazy, 1990; Etiope et al., 2010; Gal et al., 
2018). By their location in the French Alps, the shales underwent deep 
burial and important deformation during compressional events 
(Guilhaumou et al., 1996). Due to Quaternary exposure, the shales have 
undergone erosion and weathering processes, with development of local 
wetlands that are investigated elsewhere for methane emissions in the 
particular Alpine environment (Koch et al., 2007). Unlike wetlands 
where water is retained at the surface, fractured and faulted zones due to 
Alpine tectonics are favoured areas for infiltration of meteoric fluids at 
depth, and CH4 production by degradation of organic matter (Krüger 
et al., 2014). For all these reasons, the “Terres Noires” shales represent a 
good target to gain better understanding of the different processes of 
natural methane production and migration in and from shale gas res
ervoirs. The two best-known gas seep sites in the “Terres Noires” shales 
are close to Grenoble in SE France (La Fontaine Ardente at Le Gua and 
Rochasson at Meylan). They have been studied by flux measurements at 
the soil/atmosphere interface at the vents and in the surrounding diffuse 
seepage area and through quantification of free gas concentrations at 1 
m depth in the soil (Gal et al., 2017, 2019). Gas flux is highest at La 
Fontaine Ardente with an emission of ~40–50 kg of CH4 per day (Gal 
et al., 2018); however, the seep was modified by the installation of a 
gasometer to exploit gas in the late XIXth century and subsequent 
borehole drilling in the 1990s (Berthier et al., 1991; Gal et al., 2018). 
Although gas emissions are one order of magnitude lower, the 

Rochasson gas seep was chosen as being more favourable for field gas 
and laboratory measurements due to direct accessibility to outcropping 
shales.

The main objectives of this work are to refine the estimates of the 
natural gas emissions from the “Terres Noires” shales with regard to the 
Rochasson gas seep, to determine the origins of the gases (thermogenic 
and/or microbial) and to discuss the main processes, which govern the 
methane emissions in such a context. The results can serve as reference 
for investigating methane emissions from similar environments world
wide where important volumes of black shales, matured and fractured 
by young tectonism, outcrop and potentially release methane to the 
atmosphere over large surfaces. We performed a thorough petrological 
and geochemical characterization of the Rochasson “Terres Noires” 
shales, to define their diagenetic sequence, the burial conditions and the 
weathering processes of the shales. A new flux measurements campaign 
was carried out to assess the evolution of the gas seep since our first 
investigations (Gal et al., 2017, 2019). Gas contents and isotope 
geochemistry were studied at different locations over the site. Gas origin 
was assessed using chemical and stable isotope analyses (δ13C and δD of 
C1 to C4, δ13C and δ18O of CO2) of the sampled gaseous emissions. The 
low permeability of thick clays involves that they have the capacity to 
store the generated gas as free gas, dissolved gas compounds in pore 
waters and adsorbed gas, the latter providing 20 to 85 % of the total gas 
in shale reservoirs (Hill and Nelson, 2000). Marine clays that have un
dergone diagenesis, burial, and finally exhumation are submitted to 
weathering/oxidizing processes, which result in mineralogical, petro
physical, and chemical changes (Lerouge et al., 2018; Turchyn et al., 
2021) and consequently in increasing CO2/CH4 degassing (Lerouge 
et al., 2020). Weathering of carbonaceous shales contributes to ~12 % 
of the estimated annual CO2 flux (Jaffe et al., 2002). For this reason, we 
additionally carried out rock degassing experiments in order to define 
the chemistry and isotopic composition of the gases fixed in the local 
soils, surficial weathered shales and shales at ~20–40 cm depth. The 
extraction of dissolved and sorbed gas from shales remains challenging. 
Most of desorption experiments in gas-bearing shales and coals are 
conducted in presence or absence of saturated salt solutions and at 
varying high temperatures to reduce experimental time (Liu et al., 2016; 
Ma et al., 2020; Wang et al., 2015), with the risk of inducing secondary 
processes and poorly constrained isotopic fractionations (Niemann and 
Whiticar, 2017). Unlike desorption experiments, the degassing experi
ments we developed on shales from Rochasson were conducted at 
ambient temperature for a duration defined by the time necessary for 
reaching a steady state of the gas pressure. Our study demonstrates that 
rock degassing significantly contributes to our understanding of macro- 
and micro-seeps in addition and complementary to gas flux 
measurements.

2. Site context - regional geology and gas seep description

Rochasson is a hydrocarbon gas seep discovered in the 1970s during 
geological investigations in the French Subalpine Chains at Meylan, near 
Grenoble, SE France (Debelmas, 1978). The Rochasson site is located on 
the left side of a thalweg at the top of the “Terres Noires” shales near the 
contact with overlying limestone. The gas seep is located on the eastern 
border of the large synclinal structure of the Chartreuse massif that 
dominates the Isère plain at 1200 m and has a concave shape (Fig. 1). 
The present-day morphology is due to glacial erosion reworking a 
structural depression developed along a set of faults parallel to the 
Belledonne Massif. Two successive cliffs, marking the Massif’s summit, 
allow visualizing the complete series of the Upper Jurassic, which pre
sent a general of 20–30◦ dip to the NW. The first ~100 m high cliff 
corresponds to Tithonian “Tithonic” limestone, the second ~200 m high 
cliff to Lower Kimmeridgian – Upper Oxfordian limestone. A wooded 
area developed on marly limestones (Lower Kimmeridgian) separates 
the two cliffs. A second wooded area below the cliffs marks the transition 
to the Upper Oxfordian (locally called Argovian) marly limestones 
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followed by the Callovian-Oxfordian “Terres Noires” shales at the bot
tom of the series. Locally the slope reaches 70–80◦ due to the presence of 
faults that are visible at the level of the cliffs and overlaps in shales. Old 
and recent scree largely cover these two latter formations. In the area 
between Meylan and Rochasson, the surficial formations consist of at 
least two 3–5 m-thick layers of scree separated by a lacustrine clay loam. 
The alluvium developed on marly limestone and shales produces 
weathered materials that can locally evolve into muds. Landslides affect 
the site, in particular at the top of the shales where the slope remains 
steep. The slope and clays favour water circulations all along the slope, 
in particular at the scree/substratum contact.

The “Terres Noires” formation can be divided into a lower unit 
(Upper Bajocian to Lower Bathonian) of dark grey-black finely lami
nated marl with a few marly limestone beds and an upper unit (Lower 
Callovian to Middle Oxfordian) of black, slightly laminated, carbonate- 
rich marl containing carbonate nodules (Antoine et al., 1995; Artru, 
1972; Maquaire et al., 2003). The two units are separated by a hard 
marker layer (Upper Bathonian and Lower Callovian), which is a 
brownish clayey limestone (Antoine et al., 1995). The black marls are 
highly stratified rocks, marked by a fine bedding inherited from their 
deposition in the Tethyan Subalpine basin, including a detrital and a 

carbonated phase (Antoine et al., 1995). Their carbonate content, 
essentially represented by calcite, varies from 20 to 35 vol% (Maquaire 
et al., 2003). The thickness of the “Terres Noires” formation ranges 
widely; depending on the location within the basin it can attain e.g. up 
to 700 m in the Digne area (Olivero and Mattioli, 2008), ~1000 m in the 
Grenoble area (Barféty et al., 1995), and can even exceed 2000 m in 
other parts of the basin (Antoine et al., 1995; Artru, 1972).

The basin was related to the opening of the Tethys and the Atlantic, 
with the deposit of sediments later folded and thrusted during Alpine 
orogeny. Vitrinite reflectance (R0 values) measurements in sediments 
from Upper Jurassic to mid-Jurassic horizons within the SW part of the 
Subalpine Chains suggest temperatures between 100 and 160 ◦C 
assuming a heating duration of up to 10 Ma (Moss, 1992). The level of 
organic maturity of Mesozoic and Tertiary units in the Chartreuse and 
Vercors massifs suggest that this part of the Subalpine Chains underwent 
only shallow burial (Moss, 1992). Microthermometric studies of fluid 
inclusions in diagenetic quartz crystals, sampled in carbonate concre
tions of Callovian-Oxfordian marls and shales of SE France, provide 
evidence of prevailing gas inclusions and rare aqueous inclusions 
(Guilhaumou et al., 1988). The gaseous part of the fluid inclusions, 
measured by Raman microprobe, consists dominantly of methane (CH4) 

Fig. 1. (a) Geological map with location of the Rochasson site; (b) detail of geology in the area of Rochasson; (c) lithology along the eastern border of the large 
synclinal structure of the Chartreuse massif.
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with various proportions of ethane and propane (C2H6, C3H8), CO2, H2S 
and N2 (Guilhaumou et al., 1988, 1996). Combined data of micro
thermometric measurements of aqueous inclusions associated with gas 
inclusions in quartz crystals indicate that fluid inclusions with wet gas 
were trapped at temperatures of ~140–180 ◦C in the western part of the 
basin and dry gas trapped at higher temperatures of ~180–230 ◦C in the 
eastern part (Guilhaumou et al., 1988, 1996).

Previous investigations at the site of Rochasson have been under
taken for soil gas concentrations and gas flux measurements (Gal et al., 
2017, 2019). The main gas vent has a limited surface area (2 × 1 m). The 
gas composition at the main vent shows slight variations with time; 

measurements during the last campaign indicate that the dominant gas 
phase at the main seep is CH4 (95 %) mixed with C2H6 (1.9 %) and traces 
of CO2 (0.4 %), N2 (0.35 %), C3H8 (0.3 %), and 4He (0.007 %) (Gal et al., 
2019). The CO2 monitoring of the surrounding area provides evidence of 
a strong anomaly at the western part of the site. Overall methane flux at 
the site, if both the macro-seep and diffuse micro-seepage are consid
ered, is estimated to 4 kg per square meter per day, corresponding an 
annual emission of ~5 tons of CH4 at Rochasson (Gal et al., 2019).

Fig. 2. Photos of the Rochasson site and samples taken during fieldwork. White circles indicate the sampling locations for rock degassing experiments; orange circles 
indicate points for soil gas flux measurements (further points are located outside the image section).
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3. Materials and methods

3.1. Fieldwork and sample conditioning

Reassessment of the site was performed in October 2019. Fieldwork 
included soil gas flux measurements, gas sampling for concentration 
analyses and clay sampling for degassing experiments and rock char
acterization. The area next to the main gas seep has a surface without 
vegetation and was exposed to atmosphere after a landslide of the clay 
slope occurred in 2016. A total of 30 points were chosen to measure the 
gas flux from soil around the main seep, covering an area of 25 m × 10 m 
(E-W/N-S) plus one remote location (forested area with a distance of 30 
m to the south, for a detailed plan and gas flux results refer to Supple
mentary data Figs. S-1 and S-2). Gas flux data were acquired by using the 
accumulation chamber technique with external recirculation as 
described in Gal et al. (2019). Similarly, soil gas concentrations were 
measured on 10 selected spots identified during the flux measurements, 
using a LFG20 portable infrared gas analyzer (ADC Gas Analysis Ltd., 
UK) plugged to a soil gas probe with insertion depths between 10 and 
100 cm in the soil. On these 10 measurements, four were collected in 
IsoTube® containers and stored at room temperature until later analysis.

Clay/shale samples for rock characterization and degassing experi
ments were taken and conditioned the same day. Eight samples were 
collected at different points within the area of the gas emission (Fig. 2), 
and one soil sample within the forest from the same remote location as 
already described above. Most samples were taken at the surface, except 
ROC2 (same location as ROC1) and ROC4 (same location as ROC3), 
which were taken at depths between 20 and 40 cm below the surface. 
ROC8 is the closest sample to the main vent of the methane emission.

The samples were immediately enclosed in an aluminium foil at the 
field site in order to minimize contact with atmosphere and avoid water 
evaporation. The aluminium-wrapped samples were further conditioned 
the same day. The part of sample, which was destined for water content 
analyses, and mineral and chemical characterizations, were left in their 
aluminium-wrapping and then directly conditioned in heat-sealed 
aluminium flat bags under vacuum. Samples destined for degassing 
experiments and subsequent gas monitoring were weighed and further 
conditioned in customized glass jars under a He pressure of ~800 mbar 
(using a field-lab vacuum-line) following the procedure described in 
Lerouge et al. (2020).

3.2. Rock characterization

Optical microscopy was carried out on thin polished sections of rock 
and soil, using an Olympus BH2 microscope with transmitted and re
flected light techniques. Water content of the samples that were condi
tioned in aluminium flat bags was determined by measuring the mass 
difference before and after lyophilisation. Total carbon content was 
analysed using a Jobin Yvon EMIE 820V Carbon/Sulfur Analyzer. 
Organic carbon (TOC) analysis was performed by the same technique 
after acid treatment of the samples to remove carbonates.

FTIR spectra were acquired on a Bruker Equinox IFS55 spectrometer 
by transmission through a pellet made of a mixture of 150 mg KBr with 
about 1 mg of sample. For each spectrum, 32 scans were performed with 
a frequency range from 4000 to 350 cm− 1; the spectral resolution for this 
study was always 4 cm− 1. Spectra were corrected from the background 
and normalized to pure calcite (Omya) for calcite quantification; peak 
deconvolution was performed using the software Fityk®.

Four samples (ROC2, ROC3, ROC5 and ROC8), were analysed by 
Raman spectroscopy of carbonaceous materials (RSCM) in order to 
evaluate their thermal maturity (Lahfid et al., 2010; Saspiturry et al., 
2020); more details on the method are provided in the Supplementary 
Data). Raman spectral data were obtained by using a Renishaw InVIA™ 
microspectrometer coupled to a Leica DM2500 microscope. The exci
tation laser was a Diode Pumped Solid State (DPSS, λ0 = 514.5 nm). In 
this study, we used an x100 objective (NA = 0.90) to focus the laser 

beam, all samples were analysed using thin-sections exposed to a power 
of around 0.5 mW at sample surface. The Raman spectrometer was 
operated using static scanning mode with large spectral windows from 
700 to 2300 cm− 1. To check the within-sample structural heterogeneity, 
at least 10 spectra were recorded for each sample.

3.3. Gas monitoring during rock degassing experiments

The glass jars containing the samples were stored in a room at an 
almost constant temperature (~20 ◦C), and regularly monitored for total 
gas pressure (Ptotal expressed in bar) and concentrations of different gas 
species (CO2, alkanes, oxygen and nitrogen) on a Varian star 3400 CX 
gas chromatograph over several months (at least 2 months). O2 and N2 
were systematically measured to test the gas-tightness of the glass jars. 
Concentrations of gas species (Xgas species) are given in volume percent. 
The uncertainty on the concentrations of CO2, alkanes, O2 and N2 in the 
gas phase was 3 %. The detection limits for gas concentrations were 
0.001 % for CO2, O2 and N2, and 0.0002 % for alkanes. The uncertainty 
on the total pressure measured in the chromatograph was 3.10− 3 bar.

The concentrations of gas species ([Gas species]), the total pressure 
(Ptotal), the sample mass (M), and the gas volume (VG) in the glass jar 
allowed estimating the concentrations of gas expressed in mmol/kg of 
soil-rock, according to the equation (Lerouge et al., 2020): 

[Gas species] =
Xgas species

100
×Ptotal ×

{(
VG

R × T

)/(
M

1000

)

+
1

KH(gas species)

}

For CO2, the equation takes into account the different dissolved 
carbonate species: 

[CO2] =
XCO2

100
×Ptotal ×

⎧
⎨

⎩

(
VG

R × T

)

/(
M

1000

)

+

(
1 + K1 × [H+] + K1 × K2 × [H+]

2
)

KH(CO2)

⎫
⎬

⎭

where K1 is the reaction constant for CO2(aq) = H+ + HCO−
3 and K2 is 

the reaction constant for HCO−
3 = H+ + CO2−

3 (Giffaut et al., 2014).
CO2 and hydrocarbon concentrations were regularly measured dur

ing 135 days in all the glass jars. The evolution of CO2 and alkanes 
concentrations with time provides evidence of different degassing be
haviours. An additional gas monitoring of colluvium samples ROC3 and 
ROC5 and of outcropping shale ROC7 has been carried out for 98 days, 
to test the capacity of the rock to (re)produce gas and to check if there is 
a progressive change from CO2 to CH4 production due to anoxic con
ditions we imposed in the glass jars. For that, the gas phase present at the 
end of the first monitoring phase was pumped out (on a laboratory high 
vacuum line) and replaced by helium under the same conditions as 
during the first degassing phase.

3.4. Isotopic analyses

Carbon and oxygen isotopic compositions were determined for bulk 
calcite in shales, colluvium and soil samples. Calcite was extracted from 
~400 mg of clay/shale samples by acid attack with pure phosphoric 
acid, reaction was performed at 25 ◦C for 4 h. Produced CO2 gas from 
carbonaceous samples obtained in this way were analysed by Isotope 
Ratio Mass Spectrometry (IRMS) as described below. At the final stage of 
the degassing experiments (gaseous samples in glass jars), as well as on 
gas samples from the field (direct emissions sampled in IsoTubes) carbon 
and oxygen isotopic analyses of CO2 and carbon and hydrogen isotopic 
analyses of methane and higher alkanes were performed (analytical 
methods described hereafter).
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3.4.1. Carbon and oxygen isotopes of CO2
An aliquot of gas of each sample (from calcite preparations, direct 

gas emissions and/or rock degassing experiments) was transferred into 
He-flushed Labco®-vials using gas-tight syringes. Specially adapted 
sampling heads to each gas containing device (including silicone septa) 
were prepared on a vacuum-line before each sample transfer. The stable 

carbon isotopic composition of CO2 (δ13CCO2) was analysed with a 
continuous flow Thermo Finnigan Delta plus XP isotope ratio mass 
spectrometer equipped with a GasBench II (Thermo Finnigan) for gas 
preparation and introduction. Isotopic compositions are reported in δ 
units relative to international standards, defined by: δ = (RSample / 
RStandard − 1) × 1000 ‰ where R is the measured isotopic ratio in the 

Fig. 3. Infrared spectra of the shales, colluvium and soil (a) and optical microscopic observations of samples – (b) General micrograph of shale at 20–40 cm depth; (c) 
Detailed mineralogy of shales; (d) framboidal pyrite in shales; (e) Organic matter (OM) in shales; (f) Texture of colluvium; (g) General micrograph of soil showing 
their texture and mineralogy.
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sample and in the standard: Vienna Standard Mean Ocean Water 
(VSMOW) for oxygen, Vienna Pee Dee Belemnite (VPDB) for carbon. 
Internal reproducibility was ±0.2 ‰ for oxygen and carbon; accuracy 
for δ13C measurements with respect to VPDB standard is better than 
±0.5 ‰.

3.4.2. Carbon and hydrogen isotopes of CH4 and C2+ alkanes
Stable carbon and hydrogen isotope compositions of individual hy

drocarbon gas compounds (δ13CC1-C4 and δDC1) were measured by GC/ 
IRMS using a Trace GC Ultra gas chromatograph interfaced to a Delta plus 

XP (Thermo Finnigan). The interface was configured with a combustion 
furnace at 940 ◦C for carbon, or with a high-temperature furnace at 
1420 ◦C for hydrogen isotope analyses, respectively. Individual hydro
carbon compounds were separated on a PoraPLOT Q column (25 m ×
0.32 mm × 10 μm) using a temperature gradient starting at 30 ◦C for 6 
min, subsequently increased at a rate of 15 ◦C/min to 200 ◦C. For low 
concentrations, gaseous hydrocarbons were preconcentrated on a 
Carbosieve-packed fritted inlet liner for Optic 3 Injectors (ATAS GL 
Sciences), following the injection method as described by Blessing et al. 
(2015). Analyses were performed in triplicates, for δ13C the measure
ments are represented relative to VPDB and for δD relative to VSMOW. 
Standard deviations are better than ±0.5 ‰ for carbon and ± 5 ‰ for 
hydrogen, respectively.

4. Results

4.1. Petrology

Soil and rock samples collected on the outcropping shales of the 
Rochasson site all consist of a predominant clay-rich fraction associated 
with detrital quartz grains and carbonates. The carbonate fraction esti
mated with infrared spectrometry is ranging from 5.4 to 19.4 wt% 
(Fig. 3). ROC2 and ROC4, sampled between 20 and 40 cm below surface, 
and ROC8, sampled near the main vent, are hard-bedded and fractured 
shales. The calcite fraction represents 5.4 to 16 wt% of the rock and 
includes bioclasts (shells) and diagenetic carbonates (micrite and 
euhedral calcite). A part of the bioclasts is recrystallized into sparite. 
Quartz occurs as small-sized detrital grains dispersed in the clay matrix, 
but also as small lenses cemented by calcite. Pyrite occurs as isolated 
framboids or clusters of framboids. Oxidation of pyrite remains limited. 
The total organic carbon (TOC) ranges from 3.7 to 4.8 wt%. Organic 
matter occurs as detrital particles of various origins that has matured 
with burial. The water content ranges between 11 and 14 wt%.

ROC1, ROC3 and ROC5 sampled at the surface are plastic and sticky 
colluvium, which essentially consist of rounded clasts of shales with 
minor detrital quartz and limestone clasts in a clay- and fine-grained 
calcite matrix. The total calcite content ranges between 10.4 and 19.4 
wt%. Pyrite is present. However, the presence of iron hydroxides and 
gypsum on the outcrops indicates oxidizing conditions in the colluvium. 
The TOC varies between 4.5 and 5.4 wt%. Organic matter occurs as 
detrital particles matured with burial and as fresh particles and roots. 
The water content of colluvium samples ranges between 20 and 23 wt%. 
Although ROC6 and ROC7 are sampled at the surface, the rather low 
oxidation of pyrite suggests relatively well-preserved reducing condi
tions. These two samples are characterized by a low calcite content 
(7.1–9.3 wt%) and dark organic matter, dense and oily in aspect (TOC 
~4.4–4.9 wt%). The water content (22 wt%) is in the same range as in 
other outcropping samples. The ROC forest soil, sampled at ~30 m 
below the gas seep site, is plastic, does not show any residual structure of 
shale, and consists of an important clay fraction associated with detrital 
quartz and fine-grained carbonates (~5 wt%). Small roots are abundant. 
The TOC and the water contents are in the same range than that of 
colluvium samples, 4.7 and 23 wt%, respectively.

4.2. Isotopic compositions of calcite

The δ13C values of bulk calcite in shales, colluvium and soil samples 
are quite similar and range between − 0.7 to +0.5 ‰ (Table 1). The 
calcite δ18O values in shale, colluvium and soil samples are also quite 
close and range between +26.9 and +27.6 ‰, except the ROC1 sample, 
which has a slightly lower calcite δ18O value of +25.2 ‰. The δ13C and 
δ18O of calcite in claystone is consistent with calcite precipitated from 
marine-derived fluids. The similarity in isotopic compositions of calcite 
suggests that calcites present in colluvium and soil are no neoformations 
but are inherited from marine carbonates without being altered by 
subsequent isotope exchange reactions.

4.3. RSCM geothermometry

The Raman spectrum of carbonaceous material (CM) is composed of 
first-order and second order regions. In our work, we recorded Raman 
spectra only for the first-order region (700–2000 cm–1). The obtained 
Raman spectra of CM are composed of two broad bands (e.g. (Wopenka 
and Pasteris, 1993). The relative intensity maxima of these bands (D and 
G), are ~1350 cm− 1 and ~1600 cm− 1, respectively. The G and D bands 
are separated by a Raman signal named D3 band located at about 1500 
cm− 1 (Sadezky et al., 2005). The analysis of Raman spectra reveals no 
prominent variations in the structure of CM measured in this study 
(Supplementary data Fig. S-3). The shape of Raman spectra indicated a 
low thermal maturity of the samples analysed. The analysis of these 
spectra reveals a similarity in all acquired spectra. Based on comparison 
of the Raman spectrum shape of each sample to the reference series 
published in Saspiturry et al. (2020), we estimate the qualitative RSCM 
peak temperature to be 140 ◦C with an uncertainty of 20 ◦C.

4.4. Soil gas flux measurements

Gas fluxes were measured on thirty points (R1 to R30) at the site in 
October 2019 (Supplementary data Figs. S-1, S-2). A CO2 flux existed on 
all thirty locations and values ranged from 0.12 to 8.24 (0.0025–0.17 
mol) g/m2/h with a mean value of 2.14 ± 1.73 (0.044–0.03 mol) g/m2/ 
h. A CH4 flux was measured on 18 of the 30 measurement locations. The 
CH4 flux values ranged from 0.06 to 430 (0 to 26.9 mol) g/m2/h with a 
mean value of 58.8 ± 117 g/m2/h. The value measured at the gas 
macro-seep (point R1) was 263 g/m2/h; four high values, ranging be
tween 50 and 430 g/m2/h, were measured along a line few meters below 
the gas seep (points R9 to R12). When a CH4 flux was measured, the gas 
phase was depleted in oxygen. The maximum depletion was − 18.8 g/ 
m2/h of O2.

4.5. Soil gas concentrations measured at the field site

Unlike in 2015 (Gal et al., 2017), the soil gas concentrations were not 
systematically measured in 2019, due to the landslide that has occurred 
since and the subsequent difficulty to lower the probe to 1 m depth. 
More specifically, the CO2 rich zone defined in 2015, affected by the 
landslide, was not explored again. Therefore, most of the CO2 concen
trations in soil gas were very low in 2019 especially considering the 
frequent absence of vegetation. Based on these measurements, it was not 
possible to highlight the occurrence of CH4 oxidation processes nor to 
clearly point to respiration processes in the soil. Nonetheless, the low O2 
concentrations measured in the presence of CH4 may indicate such 
reactions.

4.6. Molecular and isotopic compositions of gas seep emissions

Four soil gas samples, R1, R4, R5, and R14 were collected in the field 
for later gas composition and isotopic analyses of CO2 and alkanes 
(Table 2). The gas contains an important oxygen and nitrogen contri
bution from atmosphere. The lowest atmospheric contribution is 
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measured in the sample of the main gas seep (R1). The N2/O2 ratio is 
close to that of atmosphere (N2/O2 ~ 3.7) at this sampling location, and 
significantly higher in the other samples. The other part of gases present 
in the R1, R4 and R5 samples essentially consists of methane mixed with 
minor amounts of C2+ (ethane and higher) alkanes and CO2. In contrast, 
the gas in the R14 sample mainly contains CO2 mixed with methane and 
higher alkanes. δ13C values of CO2 vary between − 40.1 and − 7.1 ‰. 
δ13C values of CH4 are ranging between − 44.6 and − 14.7 ‰; δD values 
of CH4 range between − 145 and − 51 ‰. Contrary to methane, δ13C of 
higher alkanes (C2 to C4) show less variations (with less data available 
for comparison): − 29 to − 28.7 ‰ for C2H6, − 24 to − 22.4 ‰ for C3H8, 
and − 21.7 ‰ for C4H10.

4.7. Molecular and isotopic compositions of gases from rock degassing 
experiments

4.7.1. Gas monitoring phase 1
During degassing of CO2 from colluvium samples (ROC1, ROC3, 

ROC5) and ROC soil, the concentration attains an almost steady state 
after 20 to 40 days, whereas it still slightly increases in shale samples 
(ROC2, ROC4, ROC6, ROC7) even after 135 days (Fig. 4). CO2 concen
trations at the end of the sample degassing vary significantly but remain 
all in the same order of magnitude (4.3–11.0 vol%). Converted to 
mmoles of CO2 per kg of rock, the lowest CO2 amounts are measured in 
shale samples below 20–40 cm, which are relatively well preserved from 
oxidation (0.32–0.76 mmol/kg in ROC2, ROC4), and in outcropping 
shales that are rich in dark organic matter (0.90–0.92 mmol/kg in ROC6, 
ROC7). Higher CO2 concentrations are measured in colluvium, which 
shows the most important sign of oxidation (1.8–2.7 mmol/kg in ROC1, 
ROC3, ROC5) and in ROC soil (3.9 mmol/kg). In contrast, in the shale 
sample collected close to the gas seep (ROC8) the CO2 concentration 

increases rapidly without reaching a steady state. It reaches an anom
alously high value of 28.7 vol%, corresponding to a value of 14.0 mmol/ 
kg/135 days (or ~0.1 mmol/kg/day).

Concerning the degassing of hydrocarbons, the C1-C6 concentrations 
are significantly lower than the CO2 concentrations with alkane/(alkane 
+CO2) ratios based on vol% ranging between 0.5 and 39.1. The lowest 
ratios are measured in the shale samples from 20 to 40 cm below the 
surface (ROC2, ROC4: 0.5–3.3) and in the shale sample close to the gas 
seep (ROC8: 2.1). The evolutions of alkane concentrations with time are 
very different from that of CO2. Methane is the major alkane with CH4/ 
(C2 + C3) ratios of 7–2459 (based on mmol) in all the samples except the 
shale close to the gas seep (ROC8, high amounts of CO2). The CH4 
concentration attains an almost steady state between 20 and 40 days in 
the shale samples below 20–40 cm (ROC2, ROC4), with CH4 concen
trations lower than 0.02 % (or 0.01–0.02 mmol/kg). In other samples, 
the CH4 concentrations are significantly higher and still increase even 
after 135 days. Given in mmoles of CH4 per kg, the CH4 amounts range 
between 0.19 and 0.91 mmol/kg/135 days in colluvium samples (ROC1, 
ROC3 and ROC5) and between 0.10 and 0.32 mmol/kg/135 days in 
weathered claystone rich in dark organic matter (ROC6 and ROC7). CH4 
concentration is 0.29 mmol/kg/135 days (or 0.002 mmol/kg/day) at the 
gas seep (ROC8). The highest CH4 concentration is measured in ROC 
soil, with a value reaching 2.5 mmol/kg/135 days (or 0.02 mmol/kg/ 
day). Contrary to methane, the C2+ concentrations attain a steady state 
after 20–40 days (Supplementary data Tables S-1 to S-3). They are at 
least one order lower than CH4 concentrations. Converted in mmoles of 
the CO2 per kg of rock, the highest C2H6 concentrations are measured in 
shale samples below 20–40 cm, which are relatively preserved from 
oxidation (3.9 10− 4 - 1.7 10− 3 mmol/kg in ROC2, ROC4), and in clay
stones rich in dark organic matter (5.9 10− 4 - 1.6 10− 3 mmol/kg in 
ROC6, ROC7). The C3+ concentrations are lower than C2H6 

Table 1 
List of the samples, their main characteristics (sediment type, position, mineralogy), water content, calcite content, calcite δ13C and δ18O, and total organic carbon 
(TOC) concentration.

H2O Cc δ13C δ18O TOC

wt% wt% ‰ VPDB ‰ VSMOW wt%

ROC1 Colluvium Surface FeOx, roots 23 19.4 − 0.7 25.2 5.40
ROC2 Shale 20–40 cm FeOx, Cc 11 16.0 +0.5 26.9 3.70
ROC3 Colluvium Surface FeOx 20 18.4 0.0 27.2 4.55
ROC4 Shale 20–40 cm FeOx, Cc 11
ROC5 Colluvium Surface FeOx 23 14.6 − 0.5 27.6 5.03
ROC6 Surface MO 22 10.4 0.5 27.6 4.44
ROC7 Surface MO, nodules 22 7.1 4.86
ROC8 Shale Main seep 14 9.3 − 0.3 27.6 4.75
ROC soil Soil Surface Grass cover 23 5.4 0.2 27.6 4.74

Table 2 
Molecular and isotopic composition of the gas collected in IsoTubes; data from precedent campaigns are included for comparison (*concentration data published in Gal 
et al., 2017, % atm = volume percentage of atmospheric gases N2 and O2).

Sampling campaign 2015* 2017 2019

Gas seep R1 R18 R27 R1 R1 R4 R5 R14

% atm vol% 63.4 7.3 89.0 91.5 51.7 94.0 87.6 96.4
% other gases 36.6 92.7 11.0 8.5 48.3 6.0 12.4 3.6
CO2

vol% recalculated on the sum of CO2 and alkanes

1.1 0.4 77.7 1.7 0.4 1.6 0.8 67.4
CH4 89.9 94.7 1.9 95.9 97.5 96.7 97.3 32.3
C2H6 1.70 1.92 0.02 2.06 1.79 1.50 1.70 0.25
C3H8 0.25 0.30 0.01 0.28 0.29 0.10 0.23 0.05
C4H10 0.06 0.07 0.00 0.06 0.04 0.03 0.03 0.02
C5H12 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
δ13C CO2 (‰ VPDB) − 22 − 12 − 34.9 − 21 − 7.1 − 13.6 − 13 − 40.1
δD CH4 (‰ VSMOW) − 136 − 138 − 130 − 139 − 138 − 145 − 140 − 51
δ13C CH4

(‰ VPDB)

− 38.6 − 36.1 − 36 − 34.8 − 35.1 − 44.6 − 34.4 − 14.7
δ13C C2H6 − 29 − 28.7
δ13C C3H8 − 22.4 − 24 − 22.9
δ13C C4H10 − 21.7
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concentrations in these samples. The C2+ concentrations of the gas seep 
emission (ROC 8) are slightly different than in the surrounding rocks 
with a C3H8 concentration (1.1 10− 3 mmol/kg) higher than that of C2H6 
(1.0 10− 4 mmol/kg). The isotopic compositions of CO2 (δ13C-CO2), of 
methane (δ13C-CH4, δD-CH4) and of C2-C4 alkanes (δ13C-C2+) vary 
widely in our dataset (Table 3, Fig. 7a). δ13C-CO2 are between − 43.7 and 
− 22.6 ‰; δ13C-CH4 range between − 77.9 and − 27.3 ‰. Contrary to 
methane, δ13C of higher alkanes (C2 to C4) show smaller variations: 
− 26.3 to − 25.7 ‰ for C2H6, − 24.4 to − 22.4 ‰ for C3H8, and ~− 21.7 ‰ 

for C4H10 (with less data available for comparison).

4.7.2. Gas monitoring phase 2
The CO2 and CH4 concentrations increase more rapidly than during 

the first monitoring (Fig. 5). Contrary to methane, the C2+ concentra
tions attain a steady state after ~30 days. Their behaviour is very similar 
to that of the first degassing; however, their concentrations are lower 
than that of the first degassing, except the C3-C4 concentrations in the 
ROC5 sample. It is noteworthy that the δ13C-CO2 of the second degassing 

Fig. 4. (a) Evolution of CO2 concentrations (given in vol%) with time for all the samples; (b) evolution of CH4 concentrations (vol%) with time for all the samples; (c) 
evolution of the concentrations of all the alkanes for the weathered sample ROC2; (d) evolution of C2H6 concentrations with time for all the samples.

Table 3 
Final measures of total pressure in the glass jars, N2 concentration given in vol%, CO2 and alkane concentrations given in mmol/kg and isotopic compositions of CO2 
and alkanes.

ROC1 ROC2 ROC3 ROC4 ROC5 ROC6 ROC7 ROC8 ROC soil

P (mbar) 797 769 775 763 787 809 798 1013 874
N2 (vol%) 3.4 4.65 1.83 4.93 2.06 7.01 3.66 1.35 1.97
CO2

mmol/kg soil

1.80 0.76 1.90 0.32 2.70 0.90 0.92 14.00 3.90
CH4 0.91 0.02 0.24 0.01 0.19 0.32 0.10 0.29 2.50
C2H6 2.6E− 04 1.8E− 03 5.0E− 04 8.2E− 05 2.6E− 03 2.9E− 03 1.1E− 03 2.0E− 04 0
C3H8 1.1E− 04 8.9E− 05 2.9E− 04 9.6E− 05 1.9E− 03 6.7E− 05 1.3E− 03 1.5E− 03 0
C4H10 7.4E− 05 1.9E− 04 1.4E− 04 4.5E− 05 9.9E− 04 1.2E− 04 5.8E− 04 1.1E− 03 0
C5H12 0 3.6E− 05 0 1.5E− 05 1.8E− 04 5.7E− 05 1.4E− 04 3.0E− 04 0
alk/(alk+CO2) (based on vol%) 33.6 3.3 11.3 0.5 6.8 26.4 10.0 2.1 39.1
C1/(C2 + C3) 

(based on mmol) 2459 13 304 7 42 108 41 171 –

δ13C CO2 

(‰ VPDB)
− 36 − 30 − 43.7 − 22.6 − 40.7 − 32.8 − 31.8 − 32.8 − 29.9

δ18OCO2 

(‰ VSMOW)
37.7 37.9 38.2 37.7 36 38.2 37.8 37 37.1

δDCH4 

(‰ VSMOW) − 275 − 78 − 245 − 77 − 241 − 312 − 270 − 201 − 319

δ13CCH4

(‰ VPDB)

− 60.3 − 30.6 − 77.9 − 27.3 − 66.3 − 60.4 − 53.6 − 42.2 − 52.6
δ13CC2H6 − 25.7 − 26.3 − 26.2
δ13CC3H8 − 22.4 − 24.4
δ13CC4H10 − 21.7
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of the three ROC samples is very similar to that of the first degassing, 
while the δ13C-CH4 is systematically higher, and the δD-CH4 lower 
(Table 4).

5. Discussion

5.1. The “Terres Noires” shales at Rochasson

The vegetation cover at the Rochasson gas seep is poor, mainly due to 
the recent landslide in 2016. The ROC2 and ROC4 shales sampled at 
20–40 cm depth show a marl structure with fine platelets characteristic 
of the “Terres Noires” shales, with a partial loss of cohesion marked by 
opened bedding. Their mineralogy, including clays, quartz, calcite and 
framboidal pyrite, and the absence of phase dissolution, are character
istic of an almost preserved reduced marine claystone, and attest of only 
slight weathering and oxidation (Lerouge et al., 2023, 2018). The layer 
of colluvium on the surface is thin (<20 cm) and consists mainly of 
rounded blocks of marl that have locally preserved their structure and 
mineralogy. The colluvium still contains significant amounts of calcite 
and residual pyrite, as well as small amounts of iron hydroxides and 
gypsum, reflecting slow oxidation processes. Observations of the rock 
structure and mineralogy rather suggest that the landslide was initiated 
at the limit of the still structured marl, i.e. the lower compact regolith or 
top of the bedrock, as defined in a weathering profile developed on this 
type of marl (Bufalo, 1989; Chodzko and Lecompte, 1992; Maquaire 
et al., 2002). The soil sampled within the forested area with a distance of 
30 m to the south ~30 m of the degassing site and outside the zone 
influenced by the landslide, has a mineralogy similar to that of shale and 
colluvium, indicating that the soil also developed on shale. However, its 
calcite content is significantly lower than that of shale, and the absence 
of bioclasts attest an important calcite dissolution (Lerouge et al., 2018). 
The difference in calcite content between the soil and the colluvium 
present in the landslide area near the gas seep confirms that the collu
vium corresponds to a very early stage of shale weathering, and that 

there has been no significant development of soil on the site studied 
since the landslide. The abundance of organic matter in the “Terres 
Noires” shales at Rochasson (TOC 3.7–4.8 wt%) is similar to that in other 
black shales (Petsch et al., 2000). A part of organic matter in colluvium 
and in soil corresponds to fresh organic matter (mainly roots). Raman 
spectrometry of organic matter in shale indicates maximum diagenetic 
temperatures of ~140–150 ◦C, which corresponds to the temperature 
range reported for this part of the basin (Guilhaumou et al., 1988; Moss, 
1992). This type of organic-rich marine shale is typically enriched in 
type II kerogen and the main source of petroleum in marine basins able 
to produce oil or gas at maturation (Tyson, 1987).

5.2. The methane macro-seep gas emission at Rochasson

The Rochasson site is a methane macro-seep known for at least 50 
years. Debelmas (1978) described these gas emissions as natural gas 
release, linked to local fractures, over an area of 2–3 m2 that burned the 
grasses in the immediate vicinity, sometimes with visible flames 
occurring, quite similar to the hydrocarbon gas release known as the 
eternal flames of “Fontaine Ardente” at Le Gua near Vif (Debelmas, 
1978). CO2 is a minor component of the emitted gas. The CH4 flux value 
measured in 2019 at the gas seep is 263 g/m2/h. It is higher than that 
measured in 2017 (31 g/m2/h) and in 2015 (180 g/m2/h), while the O2 
depletions are in the same order of − 13 to − 12 g/m2/h. The mean flux 
value (58 g/m2/h) measured on some tens of square meters is >10 times 
higher in 2019 than in 2017. Measuring higher CH4 flux in 2019 may be 
related to temporal changes in the gas emission rate which may occur at 
different time scales including very short ones (Gal et al., 2018). It may 
also be related to the occurrence of the landslide since then, the influ
ence of climatic conditions and/or the location of the measurement 
points that were not exactly the same from one campaign to another. 
Such seepage sites are known to be highly heterogeneous at small scale 
(e.g. (Hong et al., 2013). The highest methane flux values were 
measured some meters below the “historical” macro-seep and might 
represent a methane plume moving from the macro-seep downwards, 
suggesting that the emission pattern can evolve on a very short time 
basis.

Gas samples most representative for thermogenic gases are R1, R18, 
and R5; samples from other locations seem to be affected by secondary 
alterations (discussed in the processes chapter below). Even though the 
methane flux has changed slightly over time, the composition of the 
emitted gas remains homogeneous with a gas dominated by methane 
(90–98 %) and subordinately C2+ hydrocarbons, characterized by C1/ 
(C2 + C3) ratios of ~41–47. For gases sampled at R1, R18 and R5, the 
low C1/(C2 + C3) ratio, the average isotopic values of methane (δ13C- 
CH4 ~ − 36 ‰; δD-CH4 ~ − 138 ‰) and presence of C2-C4 alkanes (with 
δ13C-C2+ ~ − 29 to − 22 ‰) are consistent with a thermogenic gas of 

Fig. 5. (a) Evolution of CO2 concentrations with time of the samples ROC3, ROC5 and ROC7 during the second degassing compared to that obtained during the first 
degassing; (b) evolution of CH4 concentrations with time of the samples ROC3, ROC5 and ROC7 during the second degassing compared to that obtained during the 
first degassing.

Table 4 
Carbon and hydrogen isotopic compositions of CO2 and CH4, for comparison at 
the end of the first and the second degassing phase of three ROC samples.

Degassing phase 1 Degassing phase 2

Sample δ13C- 
CO2 

‰ 
VPDB

δ13C- 
CH4 

‰ 
VPDB

δD-CH4 

‰ 
VSMOW

δ13C-CO2 

‰ VPDB
δ13C-CH4 

‰ VPDB
δD-CH4 

‰ 
VSMOW

ROC 3 − 43.7 − 77.9 − 245 − 43.7 − 60.9 − 300
ROC 5 − 40.7 − 66.3 − 241 − 40.5 − 59.3 − 306
ROC 7 − 31.8 − 53.6 − 270 − 28.8 − 33.8 − 287
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marine, type II kerogen source rocks (Schoell, 1980). We hypothesize 
that this chemical and isotopic homogeneity (measured in the gas in 
recent years), has been maintained since it was first described almost 50 
years ago (Debelmas, 1978), strongly suggesting an important source of 
methane and continuity of production processes.

5.3. Geochemistry of the “Terres Noires” shale gases at Rochasson

Most of the shale gas data in the literature come from sites of shale 
gas production; and commercially successful shale plays are among 
those where most published data are available (Milkov et al., 2020). 
Most such gases from very productive shale plays are of pure thermo
genic origin with rather high maturities. Data from non-productive 
shales are rare (Lerouge et al., 2015; Prinzhofer et al., 2009; Schovsbo 
and Nielsen, 2017) and early-mature gases are mostly formed in situ and 
in relatively small amounts (Milkov et al., 2020). Shale formations with 
gases of early-mature thermogenic and secondary microbial origin have 
been reported from naturally fractured shale gas plays that may even 
show gas compositions of predominantly microbial origin (Curtis, 
2002). The biogenic (microbial) and/or thermogenic origins of natural 
gases are commonly determined using binary genetic diagrams, that 
combine δ13C-CH4 with C1/(C2 + C3) ratio, with δD-CH4 or with δ13C- 
CO2 (Bernard et al., 1977; Milkov and Etiope, 2018; Schoell, 1980; 
Whiticar et al., 1986). Thermogenic gas tends to exhibit C1/(C2 + C3) 
ratios <100 with δ13C-CH4 > − 50 ‰, whereas pure microbial gas ex
hibits C1/(C2 + C3) ratios >1000 with δ13C-CH4 ranging between − 70 
and − 55 ‰. However, various contributions of primary microbial, early- 
mature thermogenic, and radiolytic gases (Naumenko-Dèzes et al., 
2022) as well as secondary microbial alterations (biodegradation, CH4 
oxidation) do complicate this picture and interpretations should not be 
solely based on genetic field plots (Milkov and Etiope, 2018).

The Rochasson gas macro-seep is located at the top of the “Terres 
Noires” shales just below the Upper Jurassic limestone, in a wooded and 
grassy zone where the slope begins to be smooth. Contrary to the macro- 
seep zone and the surrounding landslide area with outcropping shales, 
other areas are covered with vegetation growing on clay soils developed 
on the weathering profile of shales. Gas extracted from soil taken at the 
remote location (ROC soil) initially consists of CO2, followed by CH4 
degassing when the CO2 emission ceases (Fig. 6); higher alkanes are 
absent. CO2 extracted from soil corresponds to inorganic carbon dis
solved (DIC) in pore waters. The DIC of ~3.9 mmol/kg soil or 1.7 mmol/ 
L PW (of pore waters calculated at saturation) is quite low for soil. The 
δ13C-CO2 of ~ − 30 ‰ points to a microbial origin, due to degradation of 
(fresh) organic matter according to the aerobic respiration reaction: 
CH2O + O2 ➔ CO2 + H2O, as elsewhere described in soils that have 
developed on clays (Lerouge et al., 2020). The δ13C-CH4 (− 53 ‰) and 
δD-CH4 (− 319 ‰) are well comparable to that of freshwater microbial 
methane indicating acetoclastic methanogenesis (Whiticar et al., 1986; 
Fig. 7a).

Direct outcrops of shales and overlying clay colluvium are located 
next to the macro-seep and in the area where soil has not developed 
since the landslide. Gas principally consists of CO2, some CH4 and sys
tematic small amounts of C2+ alkanes. The CO2 concentrations 
measured in shales at 20–40 cm depth (0.2–0.5 mmol/L PW), in 
outcropping shales (0.4 mmol/L PW) and in colluvium (0.8–1.2 mmol/L 
PW) are lower than in soil; overall they increase with weathering in
tensity. These low concentrations of DIC compared to similar contexts 
within clays (Lerouge et al., 2020) rather suggest dilution with meteoric 
fluids and only minor influence of weathering and oxidation on the 
shales and shale clasts in colluvium that are exposed to the surface since 
2016 at the Rochasson site. The δ13C-CO2 values (~ − 30 to − 22 ‰) of 
shale sample gases are very similar to that of soil. This range of values 

Fig. 6. Monitoring of CO2 and CH4 concentrations (given in vol%) with time (in days) – (a) soil developed on shales (ROC soil); (b) shales at the gas seep site (ROC8); 
(c) colluvium (ROC1) and shales at 20–40 cm depth (ROC2); (d) shales at surface rich in oily organic matter (ROC6).
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suggests that DIC in shales and colluvium also dominantly results from 
degradation of fresh OM and is clearly not at isotopic equilibrium with 
carbonates (δ13C ~ 0 ‰) present in shales. The δ13C-CO2 values in 
colluvium (~ − 44 to − 36 ‰) are lower than in soils and shales, sug
gesting biodegradation of a 13C-depleted organic matter such as 
kerogen/oil present in shale clasts of the colluvium (Clayton et al., 1997; 
James and Burns, 1984; Pallasser, 2000). Unlike in soil gas, small 
amounts of C2+ alkanes are detected in the gas dissolved in pore waters 
of shales and colluvium (Table 3). During degassing, the C2+ concen
tration rapidly reaches a steady state (Supplementary data 
Tables S1–S3), indicating that the C2+ alkanes are at thermodynamic 
equilibrium with pore waters and rock (Lerouge et al., 2015). The δ13C- 
C2+, ranging between ~ − 26 and − 22 ‰ are almost homogeneous 
(measurable only in shale samples ROC2, ROC6 and ROC7), and com
parable to the isotopic signatures of the macro-seep gas.

While the C2+ hydrocarbons show a similar degassing behaviour, 
methane degassing, C1/C2 + C3 ratios, and methane isotopic signatures 
are different in shales at 20–40 cm depth, outcropping shales, and in 
colluvium (Table 3, Fig. 7). In shales at 20–40 cm depth (ROC2 and 
ROC4) that are, by their visual aspect, considered as the least weathered 
“Terres Noires” shales, the CH4 concentration rapidly reaches a steady 
state (~0.02 mmol/kg), comparable to C2+ alkanes, rather indicating a 
thermodynamic equilibrium for methane in these samples (Fig. 6b). Low 
C1/C2 + C3 ratios (7–13) and the slightly enriched isotopic signatures of 
methane (δ13C-CH4− 31/− 27 ‰ and δD-CH4–78/− 77 ‰) indicate that 
methane is initially of thermogenic origin, comparable to C2+ alkanes, 
but suffered oxidation processes causing isotopic enrichment in methane 

(Cadieux et al., 2016; Coleman et al., 1981; Rasigraf et al., 2012). Direct 
comparison of C1/C2 + C3 ratios with gaseous emissions at the field 
(macro-seep and micro seepage) is complicated by the fact that sec
ondary alteration processes and gas migration in the subsurface impact 
the initial isotope composition and the C1/C2 + C3 ratio, respectively 
(Milkov and Etiope, 2018). The isotopic enrichment in 13C and D of 
methane within these two shale samples can be compared to δ13C-CH4 
and δD-CH4 from the direct gas seep point R14, suggesting secondary 
processes of methane oxidation in the subsurface. In outcropping shales 
in direct vicinity to the macro-seep point R1 (ROC8) and closeby (ROC6, 
ROC7), as well as in colluvium (ROC1, ROC3, ROC5), the CH4 degassing 
curves increase compared to those of sub-surface shales (ROC2, ROC4) 
and do not reach a steady state (Fig. 6c). The increase of the C1/(C2 + C3) 
ratio (41–2459) and the large range of depleted isotopic signatures of 
methane (δ13C-CH4: − 78/− 42 ‰, δD-CH4: − 312/− 201 ‰) compared to 
the macro-seep R1 provide evidence of mixing between thermogenic 
alkanes and a 13C- and D-depleted methane component (Fig. 7). The 
δ13C-CH4, and δD-CH4 ratios as low as − 78 ‰ and − 312 ‰, respectively, 
strongly suggest a methane source with microbial origin (Schoell, 1980; 
Whiticar, 1999) due to methanogenic microbial activity in surface-near 
shales where either fresh or detrital OM are biodegraded. Slightly 13C- 
enriched ethane in shale samples ROC2, ROC6, and ROC7 (δ13C-C2H6: 
− 26 ‰) compared to direct gaseous emissions at R1 and R5 (δ13C-C2H6: 
− 29 ‰) hints to biodegradation of gas components producing secondary 
CH4 with a microbial signature leading to a δ13C-CH4 as low as − 78 ‰. 
This may indicate the presence of ethane-specific degrading bacteria 
with a greater isotopic effect on ethane rather than propane (Clayton 

Fig. 7. (a) δD-CH4 - δ13C-CH4 diagram of Whiticar et al. (1986) in which are plotted the samples of gas seep and of rock degassing; (b) δ13C of alkanes in function of 
the 1/n (n being the carbon number of the gas molecule), in which are reported data from gas seep and gas issue from the degassing of the most preserved shales 
(20–40 cm) and shale at the gas seep (Chung diagram, 1988); (c) δ13C-CH4 and δ13C-CO2 in function of the amount of CO2 in gas seeps (macro-seep and diffuse micro 
seepage) measured during the 2019 field campaign; (d) Chung diagram with all the data.
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et al., 1997; Gong et al., 2017). In our long-term degassing experiments 
on ROC3, ROC5 and ROC7 we intended to get more indications on 
ongoing methanogenesis reactions. However, the “reset” to zero under 
closed conditions resulted in limited access to water (only porewater left 
in ROC3/5, while ROC7 was completely dry) and strictly anaerobic 
conditions (no O2 left) after the second “pumping”. The change in CH4 
isotopic compositions we observed indicate shifting reactions from 
initially CO2 reduction pathway to more fermentation-like reactions. 
Different bacterial strains are present at the same time, but active/ 
inactive depending on the prevailing conditions at the time of sampling. 
As we induced a closed system where nutrients are limited, the relation 
of δD-CH4 and H2O for microbial methanogenesis during degassing 
phase 2 is not comparable to reactions in natural environments where 
~40 % of the hydrogen involved is derived from H2O during microbial 
methanogenesis (Schoell, 1980).

In order to go further in the interpretation of hydrocarbons, data are 
reported in a natural gas plot or “Chung diagram” which enables to 
differentiate natural gas sources and to visualize the effects of matura
tion and other post-genetic secondary processes on isotopic distributions 
in δ13C of C1-C5 alkanes (Chung et al., 1988). If we consider that all C1- 
C5 alkanes are thermogenic and result from the thermal cracking of 
isotopically homogeneous parent molecules, a sublinear relationship 
between the carbon isotopic ratios and the inverse carbon numbers of 
molecules should be observed (Chung et al., 1988). Based on this 
theoretical relation (non-altered gaseous emission based on δ13C-C2+ of 
R1 and δ13C-CH4 of R4 and ROC8 as best-fitting representatives of the 
original thermogenic gas) in the “Chung diagram” (dashed line in 
Fig. 7d) and the nomogram proposed by Dzou and Milkov (2011), we 
can estimate a degree of thermal stress at ~150 ◦C. All samples of the 
direct emissions at the field site (except R14) and one of the shales 
sampled next to the main seep (ROC8) show a quite narrow δ13C-C1-C4 
range within the two dotted lines illustrated in Fig. 7b. Observed slope 
variations between C2 and C3 might be due to heterogeneities of parent 
molecules and/or slightly increasing maturities. The relatively small δD- 
CH4 variations of the macro-seep gases are consistent with this hy
pothesis. The direct emission at point R14 shows significantly enriched 
δ13C and δD values of CH4 (even > δ13C-C2+ of all points available in our 
data set). This methane anomaly, only a few meters away from the main 
seep, is associated with a higher concentration of 13C-depleted CO2, 
suggesting an important oxidation process of methane (Fig. 7c). A 
similar hypothesis can be considered for the 13C- and D-enrichment of 
the δD-CH4 of ROC2 and ROC4, with either a smaller degree of methane 
oxidation or slightly different fractionation factors of the oxidation re
actions involved. An overview on isotope enrichment factors for aerobic 
and anaerobic methane oxidation is provided in Rasigraf et al. (2012). 
Preliminary results of a microbiological study performed at the site show 
an increased abundance of methanotrophs in Rochasson soil (commu
nicated by (Bott et al., 2020), indicating AOM reactions in zones with a 
high and continuous CH4-flow. In natural settings, both, aerobic and 
anaerobic methanotrophs can be found having niches even in greater 
depths (Kietäväinen and Purkamo, 2015).

To summarize, methane and C2+ alkane concentrations measured at 
the surface in the area surrounding the macro-seep are highly diluted by 
CO2 from different sources. Similar to most of the seep gases they have a 
thermogenic origin in the “Terres Noires” shales sampled at 20–40 cm 
depth. Methane, although plotting close to methane of the macro-seep, 
shows signs of isotopic enrichment due to oxidation processes, thus plots 
in the upper part of the “Chung diagram”. Methane in more exposed, 
weathered shales and colluvium has a mixed thermogenic and microbial 
origin and plots in the lower part of the “Chung diagram” (Fig. 7d). Our 
data are consistent with a behaviour typical for secondary altered 
thermogenic gases with secondary microbial CH4 production from 
degradation of fresh OM and HCs (methanogenesis). It should be noted 
that microbial methane in weathered shales and colluvium was pro
duced later than CO2 during degassing, similar to the behaviour in the 
soil sample. Rock degassing is consequently efficient to extract natural 

thermogenic hydrocarbons dissolved in pore waters and sorbed on 
sediment without experimental fractionation, but the anaerobic condi
tions of the degassing and its duration favour the development of mi
crobial methane production, which does not exist or not significantly 
enough to be monitored during field acquisitions. This experiment 
demonstrates that soil, colluvium and weathered shales essentially 
degas CO2 at the interface with atmosphere (considered as infinite ox
ygen reservoir), while they potentially degas CH4 when oxygen avail
ability at depth becomes limited. This can rapidly be the case in a soil 
profile developed on low-permeable shales during humid periods (Topp 
and Pattey, 1997), oxygen diffusion being lower in pore waters than in 
the gas phase (Bolton et al., 2006). The observed gas evolution during 
our experiments also indicates that different microbial populations 
coexist in soil that are involved in CH4 production by methanogenesis 
and CH4 consumption through aerobic and/or anaerobic CH4 oxidation.

5.4. Timeline/summary of CO2, CH4 and C2+ production in the “Terres 
Noires” shales

As seen above, only C2+ characteristics of the macro-seep and the 
“Terres Noires” shales at Rochasson are common, typical for emissions 
of thermogenic hydrocarbons. The large range of methane and carbon 
dioxide concentrations and isotopic signatures of seep gases and shale 
gas provide evidence of complex processes that control gas emissions in 
outcropping shales. This part of the discussion proposes a scheme to 
reconstruct the successive processes of OM degradation during diagen
esis from sediment deposition and compaction, burial diagenesis, uplift 
and finally outcropping with exhumation and weathering. A schematic 
burial curve is shown in Fig. 8, illustrating the evolution of different 
gases produced within the shale’s life history.

Early diagenesis involves deposition and compaction of marine 
organic-rich sediments. The carbon-rich “Terres Noires” black shales 
were deposited in a deep marine environment. Marine OM is often 
described as C106H263N16O110P (Redfield et al., 1963), and more 
recently with a revised composition as C106H175N16O42P (Anderson, 
1995). The former is often reformulated as (CH2O)106(NH3)16H3PO4, 
both can be simplified as C6H12O6. In our work, we present general re
action schemes as proposed by LaRowe and Van Cappellen (2011); 
complete equations can be found elsewhere in the literature, e.g. (Chen 
and Wang, 1999; Turchyn et al., 2021). 

(1) Aerobic respiration: C6H12O6 + 6 O2 ➔ 6HCO3
− + 6 H+

(2) Nitrate reduction (NO3- reduction): C6H12O6 + 24 NO3
− ➔ 6H+ +

30 HCO3
− + 12 N2 + 12 H2O

(3) Manganese (Mn-ox) reduction and Iron (Fe-ox) reduction: 
C6H12O6 + 12 MnO2 + 18H+➔ 6 HCO3

− + 12 Mn2+ + 12 H2O and 
C6H12O6 + 24 FeOOH +42H+ ➔ 6 HCO3

− + 24 Fe2+ + 36 H2O
(4) Bacterial sulfate reduction (BSR): C6H12O6 + 3 SO4

2− ➔ 6 HCO3
− +

3HS− + 3 H+

(5) Organic matter fermentation ➔ microbial methane: C6H12O6 +

3H2O ➔ 3 CH4 + 3 HCO3
− + 3 H+

(a) hydrogenotrophic methanogenesis: CO2 + CH4 ➔ CH4 + H2O
(b) acetoclastic methanogenesis: CH3COOH ➔ CO2 + CH4
(c) methylotrophic methanogenesis: CH3OH ➔ CH4 + CO2 +

H2O
(6) Anaerobic CH4 oxidation (AOM): CH4 + SO4

2− ➔ HCO3
− + HS− +

H2O

In the first few centimeters of burial, OM degradation in the ocean 
and surface sediments is dominated by aerobic respiration (reaction 1), 
producing mainly CO2. When oxygen and nitrate (reaction 2) as most 
efficient oxidants are consumed, redox reactions during early diagenesis 
such as reduction of manganese or iron oxyhydroxides take over (reac
tion 3). At deeper burial depths, the anaerobic digestion of OM includes 
microbial sulfate reduction (BSR, reaction 4), which, due to the high 
sulfate (SO4) concentration in seawater, is relatively dominant in marine 
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environments. When SO4 concentrations become rate limiting, remain
ing organic carbon is fermented by methanogenesis producing CH4-rich 
microbial gas (reaction 5). Organic matter fermentation produces ace
tate and molecular hydrogen, both stimulating methanogenesis (re
actions 5a-b). Although acetotrophic and hydrogenotrophic 
methanogenic pathways can both occur in marine sediments, the 
hydrogenotrophic pathway is thought to be more important (Whiticar, 
1999). Recent microbial studies however, suggest that acetoclastic as 
well as methylotrophic methanogenesis (utilizing a range of noncom
petitive methylated substrates; reaction 5c) may also play a possible role 
in some coal and shale gas systems (Vinson et al., 2017). This series of 
reactions, driven by anaerobic degradation of organic matter enhances 
the release of alkalinity, increase the carbon dioxide (CO2) buffering 
capacity of seawater and therefore oceanic CO2 uptake (Gustafsson 
et al., 2019). Methane is less dense than pore waters; it migrates through 
the sediments towards the surface and can be anaerobically oxidized by 
sulfates to produce DIC and hydrogen sulfide within the sulfate-methane 
transition zone (SMTZ) (reaction 6).

Pathways such as sulfate reduction, acetate fermentation (reactions 
4–5) and methanotrophic reactions (anaerobic methane oxidation, re
action 6) alike produce bicarbonate ions that are precipitating as car
bonates. The product bicarbonate inherits its 13C-depleted isotope 
composition from either organic matter or methane that was involved in 
the reaction (Loyd and Smirnoff, 2022). The ocean acts as a trap of at
mospheric carbon dioxide through the reaction of dissolved carbon di
oxide with water to form carbonic acid, bicarbonate and carbonate ions 
whose concentrations are governed by the carbonate equilibrium system 
(Middelburg et al., 2020). In such marine environments, diagenetic 
calcite and framboidal pyrite precipitate from subseafloor production of 
DIC and hydrogen sulfide, as a result of microbial respiration of organic 
carbon in the absence of oxygen (Amiel et al., 2020; Turchyn et al., 
2021).

Diagenetic minerals in shales at Rochasson are essentially calcite 
with minor framboidal pyrite. The δ13C and δ18O of bulk calcite in these 
shales are characteristic of calcite precipitated at equilibrium with 
marine-derived pore waters in shales once mineral saturation attained. 

The δ18O of bulk calcite of ~27–28 ‰ rather suggests that most of the 
calcite present in these shales precipitated at temperatures close to 30 ◦C 
during early diagenesis, using the calcite-H2O oxygen isotopic frac
tionation of Kim and O’Neil (1997). We found barite nodules in the 
stratigraphic layer just above the shales, quite typical when BaSO4 
precipitates within or close to the SMTZ (Arndt et al., 2009). Within this 
zone produced methane may be anaerobically oxidized (sulfate-driven 
AOM, reaction 6) involving anaerobic methanotrophs and sulfate- 
reducers, typically leading to methane-derived carbonates (=13C- 
depleted calcites, which we did not observe at our site). We suppose that 
the 13C-depleted carbonates might be present in the nodules that we 
observed above the shales (but did not include in our analyses). CH4 
values at some emission zones are significantly 13C-enriched, and may 
hint to AOM conserved in shale pores, reflecting processes during burial 
diagenesis. Slightly negative calcite values might hint to an addition of a 
small fraction of authigenic carbonate that has been produced by AOM 
processes within the SMTZ to the δ13C composition of bulk calcites. 
However, it is much more likely that most of these 13C-enriched CH4 gas 
emissions are related to more-recent events, aerobic or anerobic 
methane oxidation as secondary processes during weathering (see 
below).

The boundary between early and burial diagenesis is gradational 
from ~800 to 2600 m below water/sediment interface (Rimstidt et al., 
2017), marked also by a gradual cease of microbial activity and 
increasing rates of thermocatalytic processes (60–80 ◦C; (Machel, 2001), 
at this stage essentially all of the organic matter has been converted to 
kerogen. The transition from biotic to abiotic diagenesis is not only 
driven by temperature, but also by compaction of the sediment, which 
inhibits the movement of bacterial cells by reduction of porosity and 
pore sizes and decreases the diffusion rate of nutriments (Lerouge et al., 
2011). Organic-rich shales have a high production and storage capacity 
for thermogenic gas occurring as free gas, dissolved gas compounds in 
pore waters and adsorbed gas (Hill and Nelson, 2000). Catagenesis re
actions break down kerogen releasing mobile hydrocarbons over the 
temperature range of the oil window (~60–65 ◦C to 150 ◦C; (Stolper 
et al., 2014). In most sedimentary basins, the onset of petroleum 

Fig. 8. Schematic illustration of the stages and evolutionary history of the “Terres Noires” shales and its gaseous emissions at Rochasson. Reactional processes are 
given in brackets and detailed in the main text.
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generation begins at ~50 ◦C (at depths >1 km, sulfur-rich kerogens 
generate oil at lower thermal stress than sulfur-poor kerogens; (Seewald, 
2003). Within the mesodiagenesis zone at maximum burial the 
following thermochemical reactions can occur. 

(7) Catagenesis (thermal decarboxylation) ➔ thermogenic methane 
(stepwise reactions leading to n-alkanes (CH4/C2+) + CO2

(8) Thermochemical sulfate reduction (TSR methane oxidation): 
CaSO4 + hydrocarbons (C1–5) ➔ CaCO3 + H2S + H2O ± S ± CO2

In the case of Rochasson, burial depths reached temperatures at the 
high temperature end of the oil window where catagenesis reactions 
produce wet gas (C2+ -rich). The isotopic compositions of Rochasson 
seep gas samples not affected by secondary alterations, i.e. the most 
representative for thermogenic gas samples (R1, R18, R5), are charac
terized by δ13C-CH4 = − 36 ± 2 ‰, δD-CH4 = − 138 ± 2 ‰ and δ13C of 
C2 to C4 from − 29 to − 22 ‰. Our isotopic data and Raman spectrom
etry on OM in “Terres Noires” shales, as presented above, inform on a 
maximum temperature of 150 ◦C attained by OM during burial. Chem
ical oxidative processes (TSR, thermochemical sulfate reduction, reac
tion 8) can be an important reaction in hydrocarbon-containing 
reservoirs with earlier oil, wet gas, and later methane-dominated dry gas 
stages (Cai et al., 2022). TSR is commonly observed in carbonate res
ervoirs, the estimated minimum temperatures required for TSR are be
tween 120 and 140 ◦C (Seewald, 2003) and 100–140 ◦C (Machel, 2001). 
We have not observed any indications for TSR reactions at our site. At 
even higher temperatures, catagenesis transitions into metagenesis 
generating only CH4 (dry gas; this stage has clearly not been reached at 
Rochasson).

The exhumation stage during uplift is mainly accompanied by 
physical processes such as confining pressure relief, increasing perme
ability, shrinking in the horizontal direction with creation of vertical 
fractures. Shales with high quartz, feldspar and carbonate content are 
brittle and thus prone to weathering processes in the critical zone. In
teractions of reduced shales with atmosphere and surficial waters result 
in mineralogical, petrophysical, and chemical changes (Lerouge et al., 
2018; Turchyn et al., 2021), but also in secondary alterations of shale 
gas molecular compositions and C- and H- isotope ratios. These in
teractions are largely driven by biological activity, of macro- and micro- 
organisms, including vegetation. Major mineralogical/chemical changes 
include pyrite oxidation, carbonate dissolution and OM /kerogen/oil 
degradation associated with slight pH decrease and alkalinity/DIC and 
DOC increase (Lerouge et al., 2018).

At depths where groundwater can penetrate the shales, swelling in
creases pore pressure, leading to the release of hydrocarbon gas, which, 
combined with other factors that increase the local permeability, creates 
the conditions for gas emissions to the surface (Rimstidt et al., 2017). 
Microbial methane produced in these freshwater penetration zones from 
in-situ biodegradation in shales (following the same methanogenesis 
pathways earlier discussed) will mix with gas of thermogenic origin. 
Chemical weathering starts with the infiltration of surface and ground
waters containing dissolved CO2 and O2 to various depths below the 
surface. Dissolution of carbonate minerals can dilute the methanogenic 
signal in DIC and in the gas-phase CO2. Secondary alterations such as 
biodegradation of oil and/or natural gas components as well as micro
bial oxidation of CH4 in sediments/soils/soil water modify isotope ra
tios. Previous work has shown differences in the susceptibility of C2+
components to biodegradation; often propane (C3) seems to be selec
tively consumed at first; the debate of which compound is most prone to 
bacterial degradation is ongoing (Gong et al., 2017). At Rochasson, we 
observed biodegradation of C2+ gas components producing secondary 
CH4 with a microbial signature due to rather ethane-specific bacteria. In 
terms of oxidation processes, methane is the most reactive, with two 
major reactional pathways. 

(i) Aerobic oxidation: CH4 + O2 ➔ CO2 + H2O

(ii) Anaerobic oxidation: CH4 + SO4
2− ➔ HCO3

− + HS− + H2O

Aerobic conditions occur in colluvium and shales in direct contact 
with atmosphere and in the first few meters of shales where oxygen 
diffuses. Fresh breaches with only slight mineralogical changes as we 
could observe after the landslide in 2016, suggest that the oxygen 
diffusion zone in the area was relatively limited. Anaerobic conditions 
correspond to the zone where oxygen is not present, but where sulfates 
diffuse in pore waters.

In the δ13C values of C2-C4 of samples with concentrations sufficient 
for isotopic measurements, we found no indications of secondary al
terations. In several cases (direct gaseous emissions and in shales) we 
observed enriched CH4 isotopic ratios indicating active oxidation re
actions; microorganisms involved in oxidizing methane produce higher 
CO2 flux at the surface above these soils. In most of our shale samples, 
δ13C values of CH4 are depleted indicating significant input of microbial 
methane due to different methanogenic pathways.

Calcite dissolution (δ13C-CO2 of ~ − 10 ‰), OM /kerogen/oil 
degradation (δ13C-CO2 ~ − 33/− 30 ‰) and methane oxidation (δ13C- 
CO2 of ~ − 43/− 36 ‰) contribute to the increase of CO2 degassing and 
of DIC and are characterized by different δ13C-CO2. In the gas samples of 
the macro-seep where CO2 content is small, the δ13C-CO2 values are 
close to that of CO2 at equilibrium with calcite in shales, and do not 
provide evidence of methane oxidation or OM degradation. On the 
contrary, the δ13C-CO2 values obtained by shales degassing (~ − 30 to 
− 22 ‰) rather show that the contribution of calcite dissolution to the 
DIC is significantly lower than the contribution of OM/kerogen/oil 
degradation and of methane oxidation (Lerouge et al., 2020).

6. Conclusions

The outcropping fractured and slightly weathered “Terres Noires” 
shales under a thin layer of colluvium (<20 cm) are carbonate-pyrite- 
bearing claystones rich in organic matter (OM, 4–5 wt%), containing 
carbonate concretions with oily OM and pyramidal quartz. Weathering 
is characterized by partial oxidation of pyrite to form gypsum and iron 
hydroxides. Methane and CO2 fluxes at the historical macro-seep reach 
263 and 1.3 g/m2/h respectively. A second methane anomaly marked by 
a higher CH4 flux of 430 g/m2/h was detected few meters downslope. 
Methane prevails (>95 %) in these main emissions together with traces 
of heavier alkanes (C2 to C5) and CO2. δ13C and δD of methane and C2+
alkanes point to a thermogenic origin of the gas, while δ13C of CO2 
suggests microbial degradation of organic matter as the major process of 
CO2 formation, at some points CH4 consumption is a dominant process. 
The Rochasson macro-seep is representative of a combination of factors 
favouring greenhouse gas emissions from outcropping black shales 
worldwide: 

(1) Initial organic matter content was high,
(2) total sediment thickness probably exceeded 1 km,
(3) burial led to maturation within the gas window,
(4) subsequent alpine tectonics led to the creation of preferential gas 

and water migration pathways, within the reservoir and from and 
to the surface,

(5) uplift brought the reservoir in direct contact with the atmosphere 
and circulating water,

(6) active and highly dynamic weathering occurs due to the high 
erosion rates in a young tectonically active mountain range.

Whereas shales cover about 25 % of the land surface (Jin et al., 
2014), most recent studies on gas release from black shales have focused 
on anthropogenic gas emissions (shale gas exploitation). Yet we suspect 
that, on the global scale, erosion and weathering of organic-rich shales 
that have undergone relatively recent burial, maturation and uplift in 
dynamic orogenetic belts can contribute significantly to the greenhouse 
gas budget. The frequency of methane seeps in the alpine “Terres 
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Noires” (Gal et al., 2019) seems to support this assumption. For 
methane, a global estimation of such inputs is lacking. For CO2, 
weathering of carbonaceous shales has been estimated to contribute to 
~12 % of the estimated annual worldwide flux (Jaffe et al., 2002) but 
shales can also act as CO2-sink (Jin et al., 2014). The complex interac
tion of physical, geochemical, microbial and hydrological boundary 
conditions in a surface-near shale compartment, as evidenced by our 
study, needs to be considered when trying to establish realistic gas flux 
balances, notably based on geochemical or isotopic gas data. The CH4 
flux measured at the Rochasson macro-seep site since 2015 varied with 
time, by a factor of almost ten, with a maximum in 2019. This illustrates 
on the one hand the rapidly changing boundary conditions in a young 
mountainous landscape with highly dynamic erosion (landslides) and 
hydrology and on the other hand the need of long-term monitoring of 
similar study sites, to get access to realistic emission rates and also to the 
endpoints when such emission rates will drop to zero. In this respect, the 
thermogenic and biogenic components identified in our study need to be 
considered independently. Whereas the overall quantity of thermogenic 
gas in the shale reservoir after its burial and uplift is limited, biogenic 
gas will be continuously produced from the stock of OM in the black 
shales. The thermogenic gas release will depend on the accessibility of 
multi-modal nanopores (Ross and Bustin, 2009) by a fractal network of 
fractures (Vega and Kovscek, 2022) inherited from alpine tectonics. 
Whereas in the unsaturated nano-pore volume adsorbed gas prevails, 
gases exist in free or water- or kerogen-dissolved form in open pores and 
in the fracture network (Xing et al., 2023) so that the dynamics of gas 
release will depend both on diffusive flow from the pores and on 
diffusive-advective flow within the fractures. Exhaustion of the consid
erable thermogenic stock in the Terres Noires formations which may 
attain several km of thickness (Artru, 1972) has not occurred since their 
uplift and exposure implying that the gas release proceeded over mil
lions or tens of millions years. Over historical time scales, we have ev
idence of continuous gas emanation over at least two millenaries for 
another “eternal flame” the above-mentioned Fontaine Ardente 30 km 
south of Grenoble in the same Callovo-Oxfordian Terres Noires as the 
Rochasson seep (Gal et al., 2017). Biogenic gas production is related to 
more or less superficial shale weathering and will be driven by the dy
namics of the erosional front and as such by hydroclimatic conditions, 
including glaciation-deglaciation cycles, and these processes can be 
expected to reach their endpoint only at exhaustion of the OM stock or 
after complete erosion of the formations.

The comprehensive study of all phases, gas, liquid and mineral, 
present in the Rochasson “Terres Noires” shales, is an opportunity to 
compare data from direct emissions in the field and those obtained by 
sample degassing. Gases extracted by rock degassing are less abundant 
than the gas emitted at the macro-seep. They represent the remnant gas 
dissolved in pore waters from soils and rocks near the interface with 
atmosphere. They consist of a major CO2 component mixed with vari
able amounts of alkanes and exhibit a wide range of compositions and 
large isotopic variations of CO2 and CH4. These contrasts give evidence 
of the complex processes that control diffuse gas emissions from 
weathering shales. Monitoring of all the gas species during the rock 
degassing provides additional information on gas production and 
diffusion in the different compartments of soil and shales near the sur
face (soil, colluvium, outcropping weathered shales and shales at 20–40 
cm). The consistency between δ13C-C2+ of direct gas emissions from the 
macro-seep and gases obtained during rock degassing is interesting in 
two respects. Firstly, from a methodological point of view, the condi
tions of rock degassing (ambient temperature, long duration until 
reaching a steady state of gas pressure) allow extracting hydrocarbons 
without significant isotopic fractionation. Secondly, the C2+ data pro
vide evidence of a common source of dissolved and sorbed alkanes of 
thermogenic origin with RSCM-derived temperatures of ~150 ◦C, in the 
colluvium, in surface-near shales and at greater depth, represented by 
the macro-seep. This implies that the macro-seep is directly fed by the 
outcropping shale formation. Furthermore, rock degassing and the δ13C 

of methane and C2+ alkanes in shales provide evidence of the mixing of 
this thermogenic alkanes with microbial methane (methanogenesis), as 
well as of methanotrophic microbial activity.

Methanotrophic bacterial activity near the main gas seep can 
significantly contribute to reducing CH4 emissions to the atmosphere but 
adds to CO2 flux. Shale weathering processes with oxidation of OM need 
to be considered when investigating the emissions of outcropping, 
notably for flux estimations. Changes in the isotopic ratios of natural 
emissions give strong indications on the mechanisms of secondary gas 
alterations. However, at this point, we can only speculate on the specific 
microbial pathways involved in methanogenesis and methanotrophic 
activities ongoing within these shales. Microbial metagenomic ap
proaches in soil/shale samples should further elucidate the strains of 
microorganisms involved and their active metabolic pathways. Phylo
genetic marker genes such as pmoA or mcrA could identify the presence 
of aerobic or anaerobic methanotrophs, respectively. Clumped isotopic 
compositions of methane (CH4 isotopologues) could also give more in
formation on the specific methanogenic pathways ongoing at the site.
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France), (Aix-Marseille 3).

Cadieux, S.B., White, J.R., Sauer, P.E., Peng, Y., Goldman, A.E., Pratt, L.M., 2016. Large 
fractionations of C and H isotopes related to methane oxidation in Arctic lakes. 
Geochim. Cosmochim. Acta 187, 141–155.

Cai, C., Li, H., Li, K., Wang, D., 2022. Thermochemical sulfate reduction in sedimentary 
basins and beyond: a review. Chem. Geol. 607, 121018.

Chen, C.T.A., Wang, S.L., 1999. Carbon, alkalinity and nutrient budgets on the East China 
Sea continental shelf. J. Geophys. Res. Oceans 104 (C9), 20675–20686.

Chodzko, J., Lecompte, M., 1992. Ravinement dans les Baronnies. Suivi expérimental. 
Trav. Lab. Geogr. Phys. (20), 1–109.

Chung, H., Gormly, J., Squires, R., 1988. Origin of gaseous hydrocarbons in subsurface 
environments: theoretical considerations of carbon isotope distribution. Chem. Geol. 
71 (1–3), 97–104.

Clayton, C., Hay, S., Baylis, S., Dipper, B., 1997. Alteration of natural gas during leakage 
from a North Sea salt diapir field. Mar. Geol. 137 (1–2), 69–80.

Coleman, D.D., Risatti, J.B., Schoell, M., 1981. Fractionation of carbon and hydrogen 
isotopes by methane-oxidizing bacteria. Geochim. Cosmochim. Acta 45 (7), 
1033–1037.

Conrad, R., 2009. The global methane cycle: recent advances in understanding the 
microbial processes involved. Environ. Microbiol. Rep. 1 (5), 285–292.

Curtis, J.B., 2002. Fractured shale-gas systems. AAPG Bull. 86 (11), 1921–1938.
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