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Abstract 

An extensive subsurface investigation evaluating the geothermal energy resources and underground thermal energy 
storage potential is being carried out in the southwestern part of the Swiss Molasse Basin around the Geneva Canton. 
Among this process, the evaluation of the petroleum source-rock type and potential is an important step to under-
stand the petroleum system responsible of some oil and gas shows at surface and subsurface. This study provides 
a first appraisal of the risk to encounter possible undesired occurrence of hydrocarbons in the subsurface of the 
Geneva Basin. Upon the numerous source-rocks  mentioned in the petroleum systems of the North Alpine Foreland 
Basin, the marine Type II Toarcian shales (Lias) and the terrigenous Type III Carboniferous coals and shales have been 
sampled from wells and characterized with Rock–Eval pyrolysis and GC–MS analysis. The Toarcian shales (known as 
the Posidonia shales) are showing a dominant Type II organic matter composition with a Type III component in the 
Jura region and the south of the basin. Its thermal maturity (~ 0.7 VRr%) shows that this source-rock currently gener-
ates hydrocarbons at depth. The Carboniferous coals and shales show a dominant Type III organic matter with slight 
marine to lacustrine component, in the wet gas window below the Geneva Basin. Two bitumen samples retrieved at 
surface (Roulave stream) and in a shallow borehole (Satigny) are heavily biodegraded. Relative abundance of regular 
steranes of the Roulave bitumen indicates an origin from a marine Type II organic matter. The source of the Satigny 
bitumen is supposedly the same even though a deeper source-rock, such as the lacustrine Permian shales expelling 
oil in the Jura region, can’t be discarded. The oil-prone Toarcian shales in the oil window are the most likely source of 
this bitumen. A gas pocket encountered in the shallow well of Satigny (Geneva Canton), was investigated for molecu-
lar and stable isotopic gas composition. The analyses indicated that the gas is made of a mixture of microbial (very 
low δ13C1) and thermogenic gas. The isotopic composition of ethane and propane suggests a thermogenic origin 
from an overmature Type II source-rock (> 1.6 VRr%) or from a terrigenous Type III source at a maturity of ~ 1.2 VRr%. 
The Carboniferous seems to be the only source-rock satisfying these constraints at depth. The petroleum potential 
of the marine Toarcian shales below the Geneva Basin remains nevertheless limited given the limited thickness of 
the source-rock across the area and does not pose a high risk for geothermal exploration. A higher risk is assigned 
to Permian and Carboniferous source-rocks at depth where they reached gas window maturity and generated large 
amount of gas below sealing Triassic evaporites. The large amount of faults and fractures cross-cutting the entire 
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1 Introduction
In the past few years, several projects aiming at assess-
ing the potential for deep renewable geo-energy and the 
 CO2 Capture and Storage (CCS) feasibility have origi-
nated in Europe and more specifically in Switzerland 
where the future provision of energy is challenging both 
the industry and the scientific community (Chevalier 
et al. 2010; Leu and Siddiqi 2013; Moscariello 2019; Mos-
cariello et  al. 2020a). In this context, the interpretation 
of the subsurface geology and the reliable assessment of 
all potential energy resources (both fossil and renewable) 
are essentials to avoid any conflict of subsurface use and 
to quantify the risk of encountering undesired hydro-
carbons accumulations while exploring for geothermal 
resources. Indeed, recent thermal modelling in the St. 
Gallen area revealed that a petroleum system involving 
deep gas-prone Permo-Carboniferous grabens, favored 
accumulation of gas in the lowermost Mesozoic units 
where a 3.5 magnitude earthquake was triggered contain-
ing a gas kick (Omodeo-Salé et al. 2020).

In the past century, conventional petroleum explora-
tion took place in Europe in the search for oil and gas, 
and in particular in the North Alpine Foreland Basin 
extending from France to Austria. This exploration phase 
resulted in the acquisition of hundreds of 2D seismic 
lines both in France and Switzerland (Capar et al. 2015; 
Sommaruga et al. 2012) as well as 37 deep wells drilled in 
Switzerland (Lahusen 1992; Leu 2012) and 15 deep wells 
drilled in France around the Geneva Basin area (Moscari-
ello 2019). Despite the detection of numerous oil and gas 
shows at the surface and in the subsurface, no major con-
ventional petroleum accumulation has been found so far 
in the Swiss Molasse Basin (Leu 2012).

Over the last 10  years, unconventional hydrocar-
bon exploration and production arising from the 
U.S.A. renewed the interest in petroleum systems in 
Europe (Burri 2010; Burri et  al. 2011; Littke et  al. 2011; 
IEA 2015). So far, however, few studies considered the 
North Alpine Foreland Basin as a potential unconven-
tional target (Chew 2010; Leu and Gautschi 2014). The 
recent discovery of a tight gas accumulation in Paleo-
zoic rocks, encountered in Switzerland in the Noville-1 
well (Leu 2012), provided new insight into unconven-
tional resources in Switzerland. A Mesozoic marine for-
mation referred as the Posidonia Shale (known also as 
Shistes Carton in near France) from the Lower Jurassic 
(Lias) is typically considered to represent the source rock 

for conventional hydrocarbon accumulations being also 
associated with potential shale gas or shale oil unconven-
tional resources (Chew 2010; Leu 2012; Leu and Gautschi 
2014; Bruns et  al. 2016). Additionally, the Paleozoic 
sequence, which remains insufficiently studied due to the 
lack of data is typically considered containing two poten-
tial source rock intervals, represented by the Permian 
(Autunian) lacustrine shales and the Carboniferous coal 
beds (Leu 2012; Izart et al.2016; Pullan and Berry 2019).

The present study provides a first regional evaluation of 
the source rocks and related hydrocarbon generation poten-
tial in the southwestern North Alpine Foreland Basin (here-
after referred to as the Geneva Basin) and thus contributes 
to the overall risk assessment associated with the ongoing 
geothermal exploration activities in this region (Moscariello 
et al. 2020a). This work will present a quantitative evalua-
tion of the potential source rocks based on new organic geo-
chemical data measured on core and cutting samples from 
deep boreholes as well as bitumen and gas samples in both 
the Geneva and surrounding French area (Fig.  1). Finally, 
this study gives first insights on the risk that these source 
rocks represent for geothermal exploration.

2  Geological settings and petroleum system
The southwestern North Alpine Foreland Basin (NAFB) 
forms an asymmetric basin made of a thick Cenozoic, 
Mesozoic and Late Paleozoic (Carboniferous to Permian) 
sedimentary cover (3000–5000  m of sediments) which 
overlays the Variscan crystalline basement gently dipping 
to the S-SE. Our study area, namely the Geneva Basin, is a 
low relief area delimited by the Jura toward the NW, form-
ing an arcuate fold-and-thrust belt and by the Alpine units 
toward the SE, forming a nappe stack (Fig. 1). The Geneva 
Basin developed over a crystalline basement resulting 
from the Variscan orogeny (Matte 2001). The orogenic col-
lapse of the Variscan belt created a series of Carbonifer-
ous to Permian NE-SW oriented grabens in NW Europe 
(McCann et al. 2006; Madritsch et al. 2018). In the Geneva 
Basin, the stratigraphic succession extends from the Late 
Carboniferous to Quaternary (Fig. 2). The oldest Paleozoic 
sedimentary units do not crop out in the basin but have 
been drilled by several wells and are described in the lit-
erature (Charollais et al. 2007; Gorin et al. 1993; Signer and 
Gorin 1995; Sommaruga et al. 2012). The Late Carbonif-
erous (Westphalian—Stephanian) is marked by the depo-
sition of clastic sediments containing coal beds and dark 
shales in SW-NE oriented grabens and relatively small 

stratigraphic succession in the basin certainly serve as preferential migration pathways for gas, explaining its presence 
in shallow stratigraphic levels such as at Satigny.

Keywords: Geneva Basin, Hydrocarbons, Organic geochemistry, Toarcian, Permo-Carboniferous
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confined basins. In the studied area, the Permian sequence 
has not even been encountered in the deepest explora-
tion wells. However, it is inferred to be present at depth 
based on seismo-stratigraphy (Moscariello 2019) and on 
oil geochemistry (Pullan and Berry 2019) pointing out 
its limited lateral extension. Moreover, Pullan and Berry 
(2019) interpreted the Paleozoic succession of the wells 
located in the Jura region as part of the Permian sequence. 
No exact biostratigraphic dating is available for the Paleo-
zoic sequences drilled at depth, but in the well reports, the 
Paleozoic units are consequently considered as Stephanian 
(Carboniferous) to Stephano-Autunian (Permo-Carbonif-
erous) based on pollens. We hereafter apply these ages.

The Triassic period is marked by the deposition of 
continental to shallow marine sediments in an epiconti-
nental sea environment. The Lower Triassic (Buntsand-
stein) is characterized by the deposition of sandstone. It 
is overlain by Middle Triassic carbonates and dolomites 
(Muschelkalk) and a thick sequence of evaporites (Keu-
per) representing an important décollement layer accom-
modating the shortening of the foreland basin and the 
Jura (Sommaruga et al. 2017). A marine transgression in 
the Lower Jurassic (Lias) led to the deposition of distal 

marls and shales. During this period, worldwide oce-
anic anoxic condition improved preservation of organic 
matter-rich levels during the so-called Toarcian Oceanic 
Anoxic Event (T-OAE; Jenkyns 1988); these source rocks 
are widespread in northwestern and central Europe and 
alos occur in the Mediterranean region (Baudin et  al. 
1990; Song et  al. 2015). Depositional environment then 
evolved to shallower marine conditions when limestones 
and carbonaceous shales were deposited from the Mid-
dle to Upper Jurassic (Dogger and Malm). The Lower 
Cretaceous is marked by carbonate platform deposits 
with bioclastic limestone, whereas the Upper Cretaceous 
is missing. A major subaerial erosional surface affects 
the top of the Lower Cretaceous. It is associated with 
the development of karsts, filled by oxidized continental 
deposits (known as the siderolitic facies) and is attributed 
to the Late Eocene. Oligocene to Late Miocene siliciclas-
tic deposits of marine and continental origin form the 
Molasse wedge above the Mesozoic series. The Subalpine 
Molasse, involved in a series of imbricated thrust sheets, 
is composed of sandstones and marlstones originated 
in either marine or continental freshwater depositional 
environment, while the rest of the Molasse (Molasse 

Fig. 1 Geological map of the southwestern Molasse Basin and location of the studied area. Red dots are the deep wells studied. Yellow dots are the 
other deep wells used to constrain the geological model GeoMol (https ://genev e.geomo l.ch). G Geneva, S Satigny, R Roulave valley

https://geneve.geomol.ch
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Fig. 2 Synthetic stratigraphic log of the southwestern Molasse Basin (based on well records and Leu 2012) with indication of potential reservoirs, 
seals and hydrocarbon source rocks (SR). Triassic and Jurassic nomenclature includes stratigraphic subdivisions commonly used in the Swiss Plateau. 
SR large circle: major SR; small circle: minor SR; green: oil; red: gas; b: biogenic
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plateau in Fig. 1) mostly consists of clastic sediments of 
continental origin.

In Switzerland, several source rocks have been iden-
tified (Leu 2008, 2012) (Fig.  2) including the Car-
boniferous terrigenous organic matter, the Permian 
(Autunian) lacustrine shale and the Lower Jurassic 
(Toarcian) Posidonia marine shales. The Mesozoic-
Cenozoic stratigraphic succession containing alter-
nation of carbonates, marlstones, shales and other 
clastic layers offers several couples of reservoir and 
seal across the entire North Alpine Foreland basin spe-
cifically in the Jurassic/Cretaceous series that are cur-
rently under exploration for geothermal purposes as 
well (Chevalier et  al. 2010; Leu 2012). In the Geneva 
Basin, both the Upper Jurassic Kimmeridgian reefs and 
the Lower Cretaceous bioclastic limestomes form the 
two principal reservoir targets for geothermal district 
heating. However, several oil and gas shows have been 
reported during the drilling of the reservoir formations 
(Leu 2012). Oil shows in the Jura area most probably 
originated from the Permian Autunian shales (Pul-
lan and Berry 2019). Geochemical data of several gas 
seeps on the Swiss Plateau evidenced a thermogenic 
origin for the gases, derived from several potential 
source rocks (Carboniferous, Mesozoic and Tertiary; 
see synthesis in Leu 2012). Even though oil seeps in 
the Geneva Basin have been known for a long time and 
even exploited since the nineteenth century (Lagatola, 
1932), the origin of the hydrocarbons remained poorly 
constrained.

3  Materials and methods
3.1  Samples
A total of 277 rock samples were collected from 7 deep 
wells located in and around the southwestern termina-
tion of the Geneva Basin (Fig.  1). All samples are here-
after called by the well name and the depth below the 
well head (measured depth or MD). The location of the 
Humilly-2 well in the center of our study area, as well 
as its rather complete stratigraphic succession makes it 
a natural reference well in which 188 samples including 
139 cuttings and 49 core fragments have been analyzed 
along the complete section, with a particularly higher 
sampling rate within the Toarcian layers (Appendix  1, 
Fig. 3, 4). This high sampling rate along the entire strati-
graphic succession allowed recognition of organic-rich 
levels.

From the 6 other wells (Chapeiry-1, Faucigny-1, La 
Chandelière, Chatillon-1D, Charmont-1, Chaleyriat-1), 
a total amount of 89 samples (44 cuttings and 45 core 
fragments) has been collected mostly focusing on the 
Toarcian or Liassic sections and the Carboniferous 
(Appendix 1). The Toarcian sensu stricto was recognized 

in the Humilly-2, Chaleyriat-1 and La Chandelière wells 
based on paleontological data. In the Faucigny-1 and 
Chapeiry-1 wells, no paleontological data allowed us to 
identify the Toarcian with confidence. Thus, both Upper 
Lias and sometimes Lower Lias were sampled (based 
on their lithology) and analyzed in order to confirm the 
presence of organic-rich material and its maturity. A total 
of 22 samples was collected for the Lias and 10 for the 
Carboniferous in these 6 wells.

The Toarcian in Humilly-2 is made of 8  m (2232–
2240  m) of bituminous dark-brown to black marls and 
shales. In the Chapeiry-1 and Faucigny-1 wells, the Upper 
Lias is marked by black marls intercalated with silty to 
shaly limestones. In the La Chandelière and Chaleyriat-1 
wells, located in the Jura region, the Toarcian consists of 
dark-grey silty to shaly limestone (Fig. 3).

The Carboniferous drilled in the Humilly-2 well 
consists of 3  m-thick fluvial sandstones and micro-
conglomerates containing thin dark shales and coaly 
intercalations. In the Jura region, the Carboniferous is 
sometimes present (Chaleyriat-1, Charmont-1, Chatil-
lon-1D) or absent (La Chandelière). It is represented by 
a thick sequence of coarse- to fine-grained sandstones 
alternating with micaceous mudstones and various thin 
coal beds of Stephanian age (Upper Carboniferous).

A synthetic W-E cross-section showing the correla-
tion between 5 of the 7 wells analyzed is shown in Fig. 3 
and displays the sampled intervals in the stratigraphic 
columns.

In addition to these source-rocks, we sampled bitumen 
naturally seeping from the Molasse sandstones, inside 
an old mining gallery along the Roulave stream. We also 
sampled gas and bitumen retrieved at the well-head of a 
ca. 80 m deep borehole drilled for heat-probe installation 
in Satigny, a village located 9  km West of Geneva (S in 
Fig. 1). It is noteworthy that the gas and bitumen in the 
Satigny borehole reached the well-head when the drilling 
reached the depth of 80 m, within the Oligocene Molasse 
deposits.

3.2  Methods
3.2.1  Rock–Eval pyrolysis and vitrinite reflectance
In order to identify the type and maturity of the organic 
matter (OM) contained in the source rocks, 28 samples of 
the Humilly-2 well and 32 samples from Liassic and Car-
boniferous sections and wells were selected for organic 
geochemical and petrographic analyses. Depending 
on the OM content, 2 to 50  mg of dried and powdered 
bulk rocks were used for Rock–Eval pyrolysis. Analyses 
were performed on a Rock–Eval 6 following procedures 
described by Espitalié et al. (1977) and Behar et al. (2001) 
to obtain: total organic carbon (TOC, wt %), S1 (mg HC/g 
rock), S2 (mg HC/g rock), S3 (mg  CO2/g), Hydrogen 
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Index (HI, mg/g TOC), Oxygen Index (OI, mg  CO2/g 
TOC), and  Tmax (°C). Results are given in Tables  1 and 
2 for the Liassic and Carboniferous sample respectively.

Vitrinite reflectance (VRr) was measured on 15 sam-
ples (Table 3) under oil immersion at 500 × magnification 
using a Zeiss Axio Imager microscope. A leuco-saphire 
(0.592%) mineral standard was used for calibration, 
except for some highly mature samples, for which a gal-
lium gadolinium garnet (1.70%) was used. Sample prepa-
ration followed the guidelines described by Taylor et  al. 
(1998). On some samples bitumen reflectance (BRr) was 
measured and converted to equivalent vitrinite reflec-
tance using correlations published by Landis and Castaño 
(1995) and Schoenherr et al. (2007). Details of the analyt-
ical procedure are described in Bou Daher et al. (2015).

3.2.2  Organic geochemistry: GC–MS
The molecular organic geochemical composition of satu-
rated hydrocarbons extracted from 12 rock samples, both 
from the Toarcian and the Carboniferous (Table  4) was 

analyzed by gas chromatography (GC) and gas chroma-
tography mass spectrometry (GC–MS), following the 
analytical protocol described in Bou Daher et al. (2015). 
Identification of biomarkers in the aliphatic fractions of 
the different samples was done by comparison with pub-
lished mass spectra (Peters et  al. 2005). In order to link 
the source-rocks to the oil and gas shows at surface and 
shallow depth, the aliphatic fractions of two bitumen 
samples taken in the Roulave stream (R in Fig. 1) and the 
Satigny borehole was analyzed using GC–MS.

Moreover, the geochemical and stable isotopic com-
position of two gas samples originating from an unex-
pected gas pocket encountered at a depth of ca. 70 m in 
the Satigny well, 9 km west of Geneva (Fig. 1) was ana-
lysed at BGR Hannover. Two samples, SAT1 and SAT2, 
were collected from the well head at near atmospheric 
pressure using a syringe and injected into a 20 mL head-
space vial with a septum lined crimp cap and filled with 
helium. Sample SAT1 was filled with 100 μL of gas and 
200 μL in sample SAT2. The injected gas volume was 100 

Fig. 3 Synthetic W-E cross-section and well correlation between Chaleyriat-1, Charmont-1, Humilly-2, Chapeiry-1 and Faucigny-1 wells, 
representing the stratigraphic columns and the projected geological contacts. Black ellipses represent the sampled intervals for Rock–Eval pyrolysis. 
C: Cenozoic; LC: Lower Cretaceous; UJ: Upper Jurassic; MJ: Middle Jurassic; LJ: Lower Jurassic; UT: Upper Trias; MT: Middle Trias; LT: Lower Trias; Cb: 
Carboniferous
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Fig. 4 Stratigraphic log of the Humilly-2 well (see Fig. 1 for location) with TOC values measured on cutting samples across the entire stratigraphic 
section. Red dots highlight samples where TOC > 0.5%
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µL for sample SAT1 and 200 μL for sample SAT2. The 
molecular gas composition was analysed using a Refin-
ery Gas Analyzer (RGA; Joint Analytical Systems GmbH) 
that quantifies the light-volatile hydrocarbons methane 
to hexane and the permanent gases helium, hydrogen, 
oxygen, nitrogen, carbon monoxide and carbon dioxide. 
The stable carbon and hydrogen isotope composition was 
analyzed by gas chromatography-isotope ratio monitor-
ing mass spectrometry (GC-IRMS) using an Agilent 6890 
gas chromatograph, coupled to a Thermo Fisher MAT 
253 mass spectrometer.). The stable isotope composition 
is reported using the delta notation relative to Vienna 
Peedee Belemnite (VPDB) standard for carbon and 
Vienna Standard Mean Ocean Water (VSMOW) stand-
ard for hydrogen. Details on the molecular and stable 
isotope analysis of gas samples are provided in Weniger 
et al. (2019).

4  Results
4.1  Rock–Eval pyrolysis and vitrinite reflectance
Rock–Eval pyrolysis results are presented in Figs.  4 and 
5 and in Tables  1 and 2 for the Liassic and Carbonifer-
ous samples, respectively. Samples containing less than 
0.50% wt TOC are kept in the tables but not plotted in 
the graphs.

4.1.1  Lias
TOC content ranges between 0.21 and 4.32% with a mean 
value of 1.1%. The highest value is observed in the Toar-
cian of Humilly-2 well at a depth of 2238 m. Free hydro-
carbons (S1 values) are low and vary between 0.01 and 
3.34 mg/g with an average of 0.38 mg/g. The highest S1 
value is observed in the lower Lias of Chapeiry-1 well at a 

depth of 3722.7 m. Hydrocarbon generation potential (S2 
values) varies between 0.08 and 21.8 mg/g with an aver-
age of 2.22 mg/g. Highest S2 values are recorded in the 
lowermost Toarcian samples of Humilly-2 well.  Tmax val-
ues vary between 320 and 560 °C and have an average of 
447 °C. Except for Faucigny-1 where  Tmax exceeds 500 °C, 
the other well samples reveal  Tmax values between 410 
and 446 °C. HI values fluctuate between 22 and 505 mg/g 
TOC with an average value of 137 mg/g TOC. OI values 
vary between 11 and 310 mg  CO2/g TOC with an average 
of 50 mg  CO2/g TOC. High HI values seem to be corre-
lated with high TOC content, except for the Faucigny-1 
well, where samples are overmature and have lost their 
hydrocarbon generation potential (Table 3), whereas OI 
values tend to increase at low TOC content. These trends 
may be linked with a mineral matrix effect (MME) that 
tends to increase OI (especially for carbonated samples) 
and decrease HI (for shale samples) in low TOC samples 
(Espitalié et al, 1984; 1985; Grohmann et al, 2019).

Vitrinite reflectance in Humilly-2 and Chapeiry-1 
wells vary from 0.72 to 0.77% with a standard deviation 
between 0.04 to 0.07 (Table  3). In the Faucigny-1 well, 
no vitrinite was found however bitumen reflectance was 
measured between 2.07 to 2.22% (Table 3). Such bitumen 
reflectance reflects an equivalent vitrinite reflectance 
from 2.22 to 2.41% according to Landis and Castaño 
(1995) and Schoenherr et al. (2007).

4.1.2  Carboniferous
TOC content ranges between 0.1 and 57.33% with 
a mean value of 15.9%, the highest value being 
found in Charmont-1 well at a depth of 2108.50  m. 
S1 values vary between 0.03 and 6.36  mg/g with an 

Table 2 Rock–Eval pyrolysis results of Carboniferous sections in the studied wells

Wells Depth Stratigraphic age TOC (%) S1 (mg HC/g) S2a (mg HC/g) S3 (mg  CO2/g) HI (mg 
HC/g 
TOC)

OI (mg 
 CO2/g 
TOC)

Tmax (°C) PI

Humilly-2 3039.8 Carboniferous 1.12 0.10 0.85 0.15 76 13 449 0.11

Humilly-2 3040.7 1.11 0.09 0.61 0.16 55 15 465 0.13

Humilly-2 3049 0.23 0.11 0.37 1.08 161 470 461 0.23

La Chandelière 1562.1 Carboniferous 0.11 0.04 0.53 0.38 467 337 545 0.07

Chaleyriat-1 1365.0 Carboniferous 0.88 0.03 0.45 1.21 51 137 514 0.06

Charmont-1 1798.0 Carboniferous 5.10 0.30 4.69 0.51 92 10 430 0.06

Charmont-1 1825.0 22.57 1.50 44.25 5.63 196 25 435 0.03

Charmont-1 1892.0 31.81 2.28 69.39 8.50 218 27 433 0.03

Charmont-1 1894.0 54.85 3.88 126.84 5.91 231 11 435 0.03

Charmont-1 1920.0 16.09 0.71 21.59 3.67 134 23 437 0.03

Charmont-1 2023.0 7.19 0.33 6.43 1.28 89 18 460 0.05

Charmont-1 2108.5 57.33 6.36 125.66 6.19 219 11 450 0.05

Chatillon-1D 1578.5 Carboniferous 8.24 0.52 7.78 0.64 94 8 444 0.06
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average of 1.25 mg/g. S2 values range between 0.37 and 
126.84  mg/g with a mean value of 31.5  mg/g. Highest 
S2 values at 125.66 and 126.84  mg/g are recorded in 
organic-rich coals of Charmont-1 well (TOC of respec-
tively 57.33 and 54.85%).  Tmax values vary between 
430 and 545  °C and have an average of 455  °C. Except 
for the coal-bearing sandstones of La Chandelière 
and Chaleyriat-1 well where  Tmax respectively reaches 
545  °C and 514  °C, the other well samples reveal  Tmax 
values between 430 and 465 °C. HI values vary between 
51 and 467 mg/g C. The highest HI value is found in the 
coal-bearing sandstone of La Chandelière well, but it 
displays very low TOC (0.1%) and a high  Tmax (545 °C) 
indicating that this value is not reliable and will not be 
further discussed. Except for this sample, Carbonifer-
ous samples are characterized by HI values between 51 
and 231 mg/g C with a mean value of 135 mg/g TOC. 
OI values vary between 8 and 470 mg  CO2/g TOC with 
an average of 85 mg  CO2/g TOC. Pure coals display low 
OI values between 8 and 27  mg  CO2/g TOC. Except 
for the three samples composed of coal-bearing sand-
stones (Humilly-2 at 3049  m depth; La Chandelière at 
1562.1 m; Chaleyriat-1 at 1365 m), high HI values and 
low OI values are correlated with high TOC content.

In the Jura region (Charmont-1, Chatillon-1D and 
La Chandelière), vitrinite reflectance vary from 0.60 to 
0.79%, with a standard deviation below 0.04 (Table  3). 
The highest vitrinite reflectance has been measured in 
the Humilly-2 well with a reflectance of 1.14%.

4.2  Chromatographic analysis
Source rock chromatograms and discussed biomarker 
results are presented in Figs. 6, 7 and Table 4.

4.2.1  Lias
Short-chain n-alkanes (< n-C19) are predominant com-
pared to mid- (n-C20-26) and long-chain (> n-C26) 
n-alkanes in almost all Jurassic samples (Fig.  6), which 
is typical of marine OM derived from bacteria and/or 
algae (Peters et  al. 2005). The only exceptions are the 
Chapeiry-1 3720.9 and 3722.7 samples where mid-chain 
n-alkanes display very high concentrations, suggest-
ing a significant contribution from aquatic macrophytes 
(Ficken et al. 2000). Sample Chapeiry-1 3722.7 is also the 
only one displaying a bimodal distribution of n-alkanes, 
indicating higher plant inputs. It should also be noted 
that samples 3720.9 and 3728.8 also display significant 
long-chain n-alkanes concentrations. The terrigenous/
aquatic ratios (TAR) defined by Bourbonniere and Mey-
ers (1996) as [(n-C27 + n-C29 + n-C31)/(n-C15 + n-C17 + n-
C19)], is an indicator of the relative input of terrestrial 
plant versus aquatic OM. TAR values range from 0.01 to 
0.44. Accordingly, values above 0.1 are only found in the 
Chapeiry samples (Table  4) with significant long-chain 
n-alkane concentrations, indicating higher terrestrial 
plant contributions.

The carbon preference index  (CPI25-31) (Bray and 
Evans 1961) was calculated when possible (i.e. 4 Toar-
cian samples did not show the requested n-alkanes) 

Table 3 Vitrinite reflectance results of the Liassic and Carboniferous sections in the studied wells

*Vitrinite reflectance ranges calculated from bitumen reflectance according to Landis and Castaño (1995) and Schoenherr et al. (2007)

Well Sample TOC (%) Tmax (°C) VRr (%) Std
dev

Rb (%) Nbr 
vitrinites 
measured

Lias Humilly-2 HU2 -2232 1.56 438 0.72 0.05 - 13

HU2—2236 1.53 441 0.74 0.06 - 14

HU2—2238 4.32 443 0.74 0.06 - 31

HU2—2240 4.29 441 0.74 0.07 - 33

Chapeiry-1 CHY—3669 3.52 446 0.76 0.06 - 9

CHY—3720.9 1.39 410 0.77 0.04 - 13

CHY—3722.7 3.29 442 0.72 0.04 - 13

Faucigny-1 FAY—4020 1.03 527 2.21–2.28* 0.14 2.07 22

FAY—4026 1.59 527 2.35–2.41* 0.10 2.22 39

FAY—4027 1.56 515 2.22–2.29* 0.12 2.09 47

Carboniferous Humilly-2 HU2 – 3039.8 1.12 449 1.14 0.07 50

Charmont-1 CHT—1892 31.81 433 0.60 0.03 - 100

CHT—1894 54.85 435 0.64 0.02 - 100

CHT—2108.5 57.33 450 0.79 0.03 - 100

Chatillon-1D CTL1D—1578.5 8.24 444 0.76 0.03 - 100

La Chandelière LCD—1553.2 n/a n/a 0.75 0.04 - 16
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and display values ranging from 1.1 to 1.5. When only 
n-C32 was absent, a CPI was calculated for odd-num-
ber n-alkanes between  C25 and  C29. For Toarcian sam-
ples, the Humilly-2 2238 sample was the only one in 
that case and display a CPI value of 1.38. Pristane (Pr) 
is predominant over phytane (Ph), except for the Cha-
peiry-1 3722 sample, and the Pr/Ph ratios vary between 
0.87 and 2.06, the lowest being associated with the Cha-
peiry-1 3722 sample. Pr/n-C17 ratios mostly range from 
0.37 to 0.83, and Ph/n-C18 ratios from 0.33 to 0.75. The 
only exception is the Chapeiry-1 3722 sample showing 
a value of 1.6. and 1.2 for the Pr/n-C17 and Ph/n-C18 
ratios, respectively. In a Pr/n-C17 vs. Ph/n-C18 diagram 
(Fig. 7a), all Jurassic samples plot in the mixed organic 
matter domain (Shanmugam 1985; Hunt 1996).

Regarding relative abundance of the  C27,  C28, and  C29 
regular steranes, it appears that the Humilly-2 samples 
are all dominated by the  C29 (> 40%) whereas the ones 
from the Chapeiry-1 well are dominated by the  C27 
(> 42%) except for the lowermost sample that is also 
dominated by the  C29 (38.2%). According to the distri-
bution of these samples in a ternary diagram (Fig. 7b), 
the Liassic samples fall into the area typical of open 
marine depositional environment, except for the Cha-
peiry-1 3728.8 sample that plots in the coastal shal-
low marine domain. Furthermore, it suggests that the 
OM source of Jurassic samples is mostly derived from 
marine phytoplankton marine with variable contribu-
tion from higher land plants (Peters et al. 2005).

The  C29/C30 hopane ratio (Peters et al. 2005) is below 1 
for all the Jurassic samples. The only homohopanes found 
in our samples are the  C31 22S and 22R. The homohopane 
22S/(22S + 22R) isomerization ratio (Peters et al. 2005) is 
relatively high and varies between 0.57 and 0.66.

4.2.2  Carboniferous
Compared to Jurassic samples, the Carboniferous sam-
ples display higher concentrations in mid- (n-C20-26) and 
long-chain (> n-C26) n-alkanes, which indicate stronger 
higher plant contributions (Fig. 6). Yet, only two samples 
(Charmont-1 1894 and Humilly-2 3040.7) are not strictly 
dominated by short-chain n-alkanes. The latter samples, 
and the Humilly-2 3039.8 sample, display a bimodal dis-
tribution (Fig. 6f–h). While the dark shale samples from 
Humilly-2 show high proportions of short- (especially in 
3039.8 sample) and long-chain n-alkanes, the coal sample 
from the Charmont-1 well displays relatively high pro-
portions of both short- and mid-chain n-alkanes. More-
over, all the other samples from Charmont-1 (Fig.  6e) 
and Chatillon-1D wells (Fig. 6d) display significant con-
tributions of mid-chain n-alkanes, but only low relative 
concentrations of long-chains. TAR values are generally 
higher than the Jurassic ones, above 0.9 (up to 2.5) in the 
Humilly-2 samples. This is coherent with relatively higher 
terrestrial plant contributions compared to the samples 
from the Charmont-1 and Chatillon-1D wells (Peters 
et al. 2005).

Fig. 5 Hydrogen Index (HI) vs. Tmax crossplot outlining the kerogen types and source-rock maturity of the Lower Jurassic and Carboniferous units. 
Only samples with TOC > 0.5% are plotted in this graph. The blue shaded area encompasses available data for the Lower Jurassic Posidonia shales in 
the northwestern Swiss Molasse Basin (Todorov et al. 1993; Fantasia et al. 2019)
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Fig. 6 Typical aliphatic fraction total ion chromatograms for the Toarcian unit of (a, b) Humilly-2 and (c) Chapeiry-1 well and the Carboniferous coal 
of (d) Chatillon-1D, (e, g) Charmont-1 and (g, h) Humilly-2
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Fig. 6 continued
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The carbon preference index  (CPI25-31) displays val-
ues ranging from 1.05 (in Humilly-2) to 1.3 (in Cha-
tillon-1D). As n-C32 is absent in Charmont-1 samples, 
the  CPI25-29, that was calculated instead, shows values 
between 1.5 and 1.7. Pristane/phytane ratios are clearly 
higher in Charmont-1 samples (Pr/Ph > 6), indicating a 
strong predominance of pristane. In other samples, Pr/
Ph is below 1.6 and even below 1 for Humilly-2 3040.7. 
Pr/n-C17 ratio ranges from 0.61 to 0.97 for Humilly-2 
and Chatillon-1D samples, and between 2.08 and 4 for 
Charmont-1 ones. Ph/n-C18 ratios vary from 0.32 to 
1.09, the maximum being found in Chatillon-1D sam-
ple. In a Pr/n-C17 vs. Ph/n-C18 diagram (Fig.  7a), Car-
boniferous samples from the Charmont-1 well plot in 
the terrigenous domain, the sample Humilly-2 3039.8 

in the mixed organic matter one, and the other samples 
in the marine domain (Hunt 1996).

Regarding the regular steranes relative abundance, it 
appears that Humilly-2 samples are dominated by  C27 
(> 35%) whereas Charmont-1 and Chatillon-1D sam-
ples all show a dominance of  C29 (> 50%). Plotting these 
results in a regular sterane ternary diagram indicates that 
the Charmont-1 well samples were deposited in a deltaic 
terrigenous environment, the Chatillon-1D samples in a 
shallow coastal marine one, and the ones from Humilly-2 
in an open marine environment (Peters et  al. 2005). 
Moreover, it suggests that higher plant contributions are 
stronger for the Charmont-1 and Chatillon-1D samples 
compared to Humilly-2, which is contradictory with TAR 
values presented above. This kind of ternary diagram 
should in fact be interpreted with caution as the inter-
pretation of the relationship between the relative sterane 
abundance and the depositional environment vs. the OM 
producers has not yet found consensus within the scien-
tific community (see Peters et al. 2005 for discussion).

The  C29/C30 hopane ratio (Peters et  al. 2005) ranges 
between 0.38 and 1.09 for the Carboniferous samples, 
and are all above 0.8 in the Charmont-1 samples. The 
homohopane 22S/(22S + 22R) isomerization ratio (Peters 
et al. 2005), calculated for  C31 only, is around 0.58 for all 
the samples.

4.3  Bitumen and gas characterization
4.3.1  Bitumen
The aliphatic fraction chromatogram of the Roulave and 
Satigny bitumens (Fig.  8) shows a characteristic unre-
solved complex mixture (UCM or ‘hump’) typical of 
moderate to heavy biodegraded oil (Peters et  al. 2005). 
Such chromatogram pattern does not allow us to deter-
mine precisely the origin of the organic matter. Still, 
regular steranes  C27,  C28 and  C29 have been detected 
(Table 4) and their relative abundance indicates a phyto-
planctonic source of organic matter and suggest that the 
organic matter from which the bitumen originated has 
been deposited under open marine conditions (Fig. 7b).

4.3.2  Gas geochemistry
The gas retrieved from the shallow drilling at Satigny 
(Fig.  1) revealed that both samples contained hydro-
carbons (C1-C6 range) and 15 to 19 vol.% air (contami-
nation during sampling). Interestingly, the Satigny gas 
sample did not contain any detectable  CO2 (Table  5). 
The relative alkane composition of both samples is 
nearly identical and dominated by methane (99%), 
typical for a ‘dry’ gas (Table  5). In both samples, the 
alkane concentration decreases with increasing molec-
ular weight. The mean gas dryness was calculated for 

Fig. 7 Biomarker diagrams: a Cross-plot of pristane/n-C17 versus 
phytane/n-C18 (after Hunt 1996); b Ternary diagram showing the 
relative abundances of C27, C28, and C29 regular steranes for Lower 
Jurassic and Carboniferous samples and the Roulave bitumen seep. 
The sterane composition of the bitumen seep from the Roulave 
stream indicates a marine origin, equivalent to the composition of 
the Lower Jurassic samples
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Fig. 8 Chromatogram of the Roulave and Satigny bitumens mainly displaying an unresolved complex mixture (UCM) typical of heavily 
biodegraded oil

Table 5 Chemical and stable isotopic composition of the gas retrieved from Satigny

Components Units SAT1 SAT2 SAT1 SAT2 Hydrocarbons

(100 µl) (200 µl) – – (average)–

CO (Vol%) 0 0

CO2 (Vol%) 0 0

O2 + Ar (Vol%) 3.16 4.09 – – –

Nitrogen (Vol%) 11.55 14.86 – – –

vol. % in 100 μL vol. % in 200 μL % C1–C6

Methane (ppm) 2660 6114 53.2 61.14 98.87

Ethane (ppm) 14.8 34.5 0.3 0.35 0.55

Propane (ppm) 6.5 14.7 0.13 0.15 0.24

i-Butane (ppm) 4.9 11.2 0.1 0.11 0.18

n-Butane (ppm) 1.6 3.7 0.03 0.04 0.06

i-Pentane (ppm) 1.1 2.6 0.02 0.03 0.04

n-Pentane (ppm) 0 0.6 0 0.01 0.00

i-Hexane (ppm) 1.5 1.6 0.03 0.02 0.04

n-Hexane (ppm) 0.4 0.5 0.01 0.01 0.01

C1/(C2 + C3) 125 124

δ13C-CH4 (‰ VPDB) − 52.5 –

δ13C-C2H6 (‰ VPDB) – − 23.5

δ13C-C3H8 (‰ VPDB) – − 21.4

δ2H-CH4 (‰ SMOW) – − 231
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samples SAT1 and SAT2 as C1/(C2 + C3) after Bernard 
et al. (1976). The mean dryness for both samples is 125.

The δ13C value of methane (δ13C-CH4) was meas-
ured in sample SAT1, while δ13C of ethane and pro-
pane (δ13C-C2H6 and δ13C-C3H8) and δ2H of methane 
(δ2H-CH4) were measured in sample SAT2. δ13C value 
of methane is at -52.5‰ vs. VPDB. δ13C of ethane is at 
− 23.5‰ vs. VPDB and δ13C of propane is at − 21.4‰ 
vs. VPDB. The Bernard diagram (Bernard et  al. 1978) 
where the molecular ratio of C1/(C2 + C3) is com-
pared with the δ13C–CH4 is widely used to distinguish 
between dry microbial and wet thermogenic gases. The 
Satigny gas composition does not fall within the pure 
microbial nor thermogenic gas fields and rather shows 
a mix between microbial and thermogenic gas (Fig. 9a). 
The stable isotopic carbon and hydrogen composition 
of methane reveals that the thermogenic gas is most 
likely originating from an early mature source-rock 
(Whiticar 1999) (Fig. 9b).

5  Discussion
5.1  Source rock maturity and kerogen type
5.1.1  Lias
In Switzerland as well as in W Germany, United King-
dom, Luxembourg or Netherlands, the Toarcian shales 
(Posidonia shales), equivalent to the Schistes Car-
ton in SE France, consists of marine algal and bacterial 
Type II organic matter (Littke et al. 1988; Todorov et al. 
1993; Röhl et  al. 2001; Montero-Serrano et  al. 2015; 
Song et al. 2015; Fantasia et al. 2019). In the northwest-
ern and northeastern part of the Swiss Molasse Basin, 
the Toarcian shales are characterized by Type II organic 
matter, rather immature, yielding HI values up to 800 
mgHC/gTOC (Fig. 5; Todorov et al. 1993; Fantasia et al. 
2019). The thermal maturity of this source-rock primar-
ily depends on its burial and one should expect greater 
maturity approaching the deepest part of the foreland 
basin toward the SE and the Alpine front thrusts (Leu 
and Gautschi 2014). This is clearly shown by the increase 
of maturity from the Geneva area to the subalpine 
molasse basin where vitrinite reflectance increases from 
0.72 VRr% to < 2.2 VRr% (Table 3). It is worth to note that 
the present-day burial depth of the source rock is lower 
than the maximum burial reached in the past considering 
the intense erosive event leading to a 2000–2600 m strati-
graphic gap at the base of the Quaternary (Schegg et al. 
1997; Moscariello et al. 2020b).

Looking at the HI vs.  Tmax diagram (Fig.  5), it first 
appears that the Jurassic samples are in the oil window, 
except for the Chaleyriat-1 samples which are immature. 
This is confirmed by vitrinite reflectance measurements 
that indicate:

– All Lias samples from Humilly-2 and Chapeiry-1 
wells reached oil window maturity (Ro = 0.7%, 
Tmax around 440 °C).,

– Samples from Faucigny-1 reached dry gas window 
maturity (equivalent Ro > 2.2%, Tmax > 515 °C).

These statements are in agreement with a previ-
ous study (Deville and Sassi 2006) that also showed a 
strong difference in  Tmax values between Lias from the 
Molasse plateau (≈ 440  °C) and from the Subalpine 
Molasse (> 500 °C).

No vitrinite reflectance measurements were made 
on the Chaleyriat-1 samples, but their much shallower 
depth (between 480 and 560  m) compared to other 
Liassic samples (minimum of 2100 m) are in agreement 
with their relatively low  Tmax values (≤ 435 °C) indicat-
ing immaturity (Espitalié et al. 1985).

By examining the HI vs.  Tmax diagram in more detail 
(Fig.  5), it also appears that 30 Liassic samples have 
a Type III OM, 6 samples from the Chapeiry-1 and 
Humilly wells have a mixture of Type II-III OM and 2 
samples from the Humilly-2 well are of Type II. The two 
last samples from the Humilly-2 well (2238 and 2240) 
contain dominantly short-chain n-alkanes, typical for 
marine organic matter comparable to the immature 
Posidonia shales in the northwestern part of the Swiss 
Plateau (Elie and Mazurek 2008) (Fig.  6a, b). Moreo-
ver, biomarker ratios suggest that the 4 Liassic samples 
from the Humilly-2 well have the same origin (Fig.  7; 
Table  4). This also includes Pr/n-C17 and Ph/n-C18 
ratio indicating a mixture of terrestrial and marine OM 
(Hunt 1996). Based on the above, it appears that there 
are contradictory interpretations for the 2 samples 
(2232 and 2236) with the lowest TOC and HI between 
biomarker and the HI vs.  Tmax diagram. This may be 
due to the fact that, while the HI vs.  Tmax diagram 
(Fig. 5) takes into account the effect of maturity on the 
HI values to assess the OM Type, it does not consider 
the MME that artificially lowers the S2 during pyrolysis 
for shale samples, and as a consequence, lowers the HI 
value of low TOC samples (Espitalié et al. 1984, 1985).

The HI vs. TOC diagram provides good insights on the 
MME (Fig. 10). Indeed, we can observe a clear correlation 
between HI and TOC, especially for Humilly-2 samples 
that are all mostly composed of shales. Then, using aba-
cus proposed by previous studies including one for Toar-
cian samples from the Paris Basin (Espitalié et  al. 1985; 
Behar et al. 2020), we can propose a hypothetic trend of 
MME on HI values with decreasing TOC (brown arrows 
in Fig. 10). For our study, these arrows clearly show that 
the Chaleyriat-1 and Humilly-2 samples are on the MME 
trend of the marine Type II, even though the last ones are 
in the early-oil window.
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Chapeiry-1 samples are mostly made of shales, but 
two are carbonates: 3720.9 (HI = 297  mg/g TOC) and 
3722.7 (HI = 198  mg/g TOC); their HI values are thus 
not affected by MME (Espitalié et  al. 1985). These 
two samples are thus likely mixtures of Type II-III as 

suggested by their biomarker profiles and ratios (i.e. 
relatively high TAR and mid-chain n-alkane concentra-
tions), the terrestrial OM being more concentrated in 
sample 3722.7. All shale samples from the Chapeiry-1 
well plot around the Type III MME trend, except one 

Fig. 9 a Modified “Bernard diagram” showing the methane carbon isotopic composition vs. dryness (modified after Bernard et al. 1978; Whiticar 
1999) showing the composite biogenic and thermogenic composition of the gas retrieved from Satigny (this study). b Interpretation of gas origin 
using stable carbon and hydrogen isotopic composition of methane according to Whiticar (1999). c Stable carbon isotopic composition of methane 
and ethane from the Satigny gas sample. d Stable carbon isotopic composition of ethane and propane from the Satigny gas sample. The vitrinite 
reflectance ⁄ isotope composition lines (maturation lines) are obtained using the calibration data for Type II and III source rocks from Berner and 
Faber, (1996) and Type II source rock from Faber et al. (2015). Samples Sa (Sachseln), We (Wellenberg), Lö (Lötschberg), Sp (Spiez), La (Langenthal), 
Ob (Oberbauenstock), Wy (Wynau), Wi (Wilen), Gi (Giswil), MT (Mont Terri), Wa (Weiach), Sc (Schafisheim), Ro (Rothrist and Lättweg), Of (Oftringen) 
are synthesized from the Swiss Plateau (Wyss 2001; Etiope et al. 2010; Eichinger et al. 2011; Sachs and Schneider 2012). Dashed grey area  show the 
geochemistry of gas samples from the Austrian Molasse Basin (Pytlak et al. 2017)
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(3728.8) that is under that trend. As their HI values are 
also affected by maturity, these samples are interpreted 
to be either mixtures of Type II-III or a degraded Type 
II like sample 3669. Biomarker distribution and ratios 
are similar to the Humilly-2 samples and typical of 
marine Type II OM. The Chapeiry-1 3728.8 sample 
shows dominance of aquatic biomarkers but with a rela-
tively high contribution of terrestrial components. This 
sample is thus also probably a mixture of aquatic and 
terrestrial OM and its low HI (156 mg/g TOC) is likely 
due to a conjunction of maturity and MME, which, in 
some cases, can dramatically lower the HI values, even 
when TOC is above 4% (Saint-Germès et al. 2002). It is 
therefore clear that, during Liassic black shales depo-
sition, the terrestrial inputs were stronger in the Cha-
peiry-1 area when compared to the Humilly-2 area. 
This may be due to the different location of the two 
wells compared to the basin margin: the Chapeiry-1 
well penetrates a sequence which was originally closer 
to the paleo-shore or to turbidites nearby that can 
transport large amount of terrestrial OM (Biscara et al. 
2011; Stetten et al. 2015).

Finally, the high thermal maturity of the Faucigny-1 
samples makes it hard to decipher what was the origi-
nal Type of OM.

5.1.2  Carboniferous
The maturity of the Molasse Basin Carboniferous for-
mation can only be inferred from 3 of the Humilly-2 
samples. Their  Tmax values range from 449 to 465 °C, sug-
gesting a late oil to wet gas maturity, which is also sup-
ported by the VRr of 1.14% of sample 3039.8.

In the samples from the Jura wells, vitrinite reflec-
tance values range between 0.6% and 0.8% suggesting 
that Carboniferous source-rocks are early to peak oil 
mature (Mukhopadhyay and Dow 1994; Mazurek et al. 
2006). In the samples from the Charmont-1 well, we 
observe a clear increasing Ro trend with depth, from 
0.6% at 1892  m to 0.79% at 2108  m, which indicates 
an evolution from early to peak oil. This is in agree-
ment with the  Tmax values between 433 and 460  °C in 
this well (Espitalié et  al. 1985). In the Chaleyriat area, 
Ro values all point to peak oil maturity, in agreement 
with the only reliable  Tmax value of 444 (Espitalié et al. 
1985). The different maturities of Carboniferous source 
rocks between the Jura and the Geneva Basin are likely 
linked to their burial histories. Indeed, during the Oli-
gocene-Pliocene, the Swiss Molasse Basin was marked 
by the deposition of large volumes of syntectonic flex-
ural sediments that deeply buried Carboniferous to 
Eocene sediments (Deville and Sassi 2006) whereas the 

Fig. 10 Source-Rock potential diagram for samples with TOC > 0.5% showing the ranges of HI values for Type II and III OM when TOC above 4% (i.e. 
no mineral matrix effect). Brown arrows show the hypothetical effect of mineral matrix on HI values when TOC is lower than 4% and are based on 
previous works (Espitalié et al. 1985; Behar et al. 2020). Red arrows indicate the effect of maturity on HI values
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Jura evolved at shallow levels forming the forebulge of 
the Alpine orogenic system (Sissingh 1998; Kuhlemann 
2007).

Regarding the origin of the OM, biomarker distribu-
tions of the Geneva Basin samples show strong pro-
portions of mid- and long-chain n-alkanes, indicating 
significant proportions of terrestrial OM (Peters et  al. 
2005). This is confirmed by TAR values of 0.93 and 2.5 
(Bourbonniere and Meyers 1996). These values were 
probably even higher before catagenesis because with 
increasing maturity the n-alkanes distribution shifts 
towards lower-molecular-weight homologues (Peters 
et al. 2005). Regarding the Pr/n-C17 vs. Ph/n-C18 diagram 
(Fig.  7a), the Humilly-2 samples plot in the mixed OM 
domain (Hunt 1996), but increasing maturity tends to 
lower these ratios as more and more n-alkanes are pro-
duced during the catagenesis (Peters et al. 2005). In the 
HI vs. TOC diagram (Fig.  10), these samples also plot 
on the Type III trend, strengthening a terrestrial origin 
of the OM. In the HI vs.  Tmax diagram (Fig.  5) sample 
Humilly-2 3040.7 plots within the Type II-III domain, but 
such HI and  Tmax values are also reported for Carbonif-
erous coals from the eastern Paris Basin (Espitalié et al., 
1985) and the Ruhr Basin (Jasper et al. 2009).

The HI vs. TOC diagram (Fig. 10) indicates that all Car-
boniferous samples from the Jura region plot within the 
terrigenous Type III field. However, in the HI vs.  Tmax 
diagram (Fig.  5), some of the samples plot in the Type 
II-III and Type II domains. When looking at n-alkane 
distributions, sample Charmont-1 1894 is dominated by 
mid- and long-chain n-alkanes that display a clear odd 
over even predominance, which indicate that terrestrial 
plants are the main contributors of OM (Eglinton and 
Hamilton 1967). Compared to the Humilly-2 samples, the 
sample Charmont-1 1894 shows higher mid-chain and 
lower long-chain concentrations. This indicate that mac-
rophytes were mainly aquatic or emerged in the Char-
mont-1 well location, whereas they were land plant in the 
Jura region as well as in Humilly-2 (Ficken et  al. 2000). 
Moreover, Pr/n-C17 vs. Ph/n-C18 values (Fig.  7a) also 
indicate a terrestrial OM dominance for this Charmont-1 
sample (Hunt 1996). In other Chamont-1 samples, HC 
distributions are similar to the Humilly-2 Toarcian sam-
ples suggesting that there are marine or lacustrine OM 
inputs (Peters et al. 2005). This is also suggested by the HI 
and  Tmax values (Fig. 5). Similar contradictory ratios are 
also observed for the Chatillon-1D sample with Rock–
Eval data indicating a Type III OM, whereas HC distri-
butions and biomarker ratios indicate significant marine 
inputs. While enhanced maturity may have influenced 
biomarker ratios for other samples, Chatillon-1D samples 
are less mature than Humilly-2 ones and biomarker ratios 
should provide valid information (Fang et al. 2019).

To our knowledge, despite a recent attempt of iden-
tifying Carboniferous to Permian paleoenvironments 
in the Jura (Pullan and Berry 2019) at present there are 
no reliable studies that would help to decipher the ori-
gin of the OM during that geological time interval. In 
western Europe, the latter is punctuated by the collapse 
of the Variscan mountain range, causing the develop-
ment of a complex landscape characterized by the for-
mation of several hemi-graben and graben basins filled 
with terrestrial and lacustrine sediments such as in the 
French Central Massif and the Saar Nahe Basin where 
major coal seams and oil shales accumulated (Ziegler 
1990; Müller et al. 2006; Schneider et al. 2006; Izart et al. 
2012). Furthermore, a recent study of the Autun basin, 
located 120 km in the northeast from the Jura, revealed 
that Gzhelian and Asselian oil shales are associated with 
lacustrine and/or terrestrial degraded OM (Garel et  al. 
2017). Carboniferous-Permian deposits found in the Jura 
area might then be comparable to the ones observed in 
the lacustrine Autun basin where the oil-shales and coal 
seams shows similar TOC and maturities to the ones 
observed in our study (Garel et al. 2017). Thus, the con-
tradictory data observed here might reflect the influence 
of terrestrial and lacustrine OM during sediment deposi-
tion, such as in the Autun basin. Yet, the low HI values of 
our samples indicate that the terrestrial OM is dominant 
in these potential compositional mixtures. To prove that, 
additional analyzes such as further biomarker studies or 
palynofacies observations should be carried out.

5.2  Implications for the regional petroleum system
5.2.1  Source‑rock potentials
The majority of analyzed Liassic samples has TOC val-
ues below 2% and genetic potential (i.e. S1 + S2) values 
below 1.1  mg HC/g rock, indicating very poor to poor 
petroleum generation potential (Peters and Cassa 1994; 

Fig. 11 Petroleum generation potential (S1 + S2) vs. TOC 
(classification after Peters and Cassa 1994)
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Fig. 11). However, this set of samples includes the 7 Cha-
peiry-1 samples (representing 15% of the total Liassic 
samples) that are highly mature and have thus probably 
already generated and expelled hydrocarbons (Espitalié 
et al., 1985).

Samples with a higher potential are all from the 
Humilly-2 (4 samples) and Chapeiry-1 wells (7 samples). 
Overall, the source-rock potential has been found fair for 
3 samples, good for 4 samples, very good from 2 samples 
from the Chapeiry-1 well and excellent for 2 samples 
from the Humilly-2 well (Peters and Cassa 1994; Fig. 11).

In summary, the above data indicate that while Lower 
Jurassic source-rocks are immature in the Jura region, 
they are in the oil or gas window in the Molasse Basin. 
In this basin, most rocks show no or only poor potential, 
but 26% of the studied rocks display at least a fair poten-
tial for oil (marine OM) and gas (mixed marine and ter-
restrial OM) generation and 15% have likely produced 
and expelled gas (highly mature Type III).

The Carboniferous source rock potential is poor for 
Humilly-2 samples (Fig. 11), but their maturities suggest 
that they already generated and expelled hydrocarbons 

accounting for a significant part of their initial potential 
(Espitalié et  al. 1985); therefore, their original potential 
was (much) higher. Charmont-1 and Chatillon-1D coal 
samples display good to excellent source rock potential 
for gas, as they are mostly dominated by terrestrial OM 
(Fig.  11). Thus, while all Carboniferous Molasse Basin 
samples have a poor potential, 80% of Jura samples have 
at least a good potential for gas. It should be noted that 
only the superficial part of the Carboniferous grabens 
have been reached with the wells (only 3 m in Humilly-2) 
and that most of it remains buried (Fig. 12a). Coal seams 
are most likely deposited occurring in the deep grabens 
and may therefore be mature enough (i.e. > 1.3 VRr%) to 
generate dry gas.

5.2.2  Oil and gas characterization and origin
The unresolved complex mixture of the bitumen chroma-
tograms from the Roulave and Satigny does not allow a 
detailed geochemical interpretation on the origin of these 
former crude oils. Nevertheless, the resolved regular 
steranes  (C27 to  C29) for the Roulave bitumen plot in the 
regular steranes ternary diagram within the open marine 

Fig. 12 Present-day petroleum system of the Geneva Basin viewed through interpreted 2D seismic lines (a and b, located in the inset map) 
and showing the potential stratigraphic levels generating hydrocarbons that migrated toward stratigraphically shallower levels (modified from 
Moscariello, 2019). Black arrows: oil migration; red arrows: gas migration. In the map: R: Roulave, S: Satigny; G: Geneva; yellow: authoctounous 
Plateau Molasse; light brown: thrusted Subalpine Molasse (see Fig. 1)
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depositional environment, and very close to the Toar-
cian shales sterane relative abundance (Fig. 7b). Unfortu-
nately, no peaks were resolved for the Satigny bitumen. 
Most of the oil and impregnations from the Vaud canton 
(North of the study area) are originating from the Toar-
cian shales, except for the Eclépens quarry where a more 
mature source rock is expected (Dolivo 2016). Interest-
ingly, Pullan and Berry (2019) interpreted the oil found 
in the La Chandelière-1 well as originating from a very 
mature lacustrine Permian shale (VRr ~ 1%) assumed 
to be present at depth. Given the present-day maturity 
trend of the overburden source rock and the burial his-
tory (Schegg et  al. 1999) we can infer that the Roulave 
bitumen derives from the Toarcian source rock but we 
can’t discard the contribution of a Permian lacustrine 
source rock present at depth, as suggested by seismo-
stratigraphic data (Moscariello 2019).

The stable carbon isotopic composition of methane 
(Fig. 9a) and the gas dryness (C1/(C2 + C3)) of gas from 
Satigny indicate a mix of thermogenic and microbial 
origin. However, geochemistry of bitumen from Satigny 
indicates biodegradation, which may have influenced the 
gas composition as well because secondary microbial gas 
associated with degradation of petroleum or bitumen can 
show similar gas composition (Milkov 2011, 2018; Milkov 
and Etiope 2018). This gas composition is close to the 
one of the Lötschberg tunnel (black diamond in Fig. 9a) 
or from the Austrian Foreland Basin (Pytlak et al. 2017) 
all being characterized by a mixture of thermogenic and 
microbial gas. The stable carbon and hydrogen isotopic 
compositions of methane from Satigny (Fig. 9b) are com-
parable to the gas samples retrieved in Rothrist located 
at the northern border of the Swiss Plateau (Sachs and 
Schneider 2012), where deep Permo-Carboniferous 
troughs are supposed to be the source-rock of the ther-
mogenic gas component. Interestingly, such mixture of 
gas has also been evidenced in the Austrian North Alpine 
Foreland Basin: Misch et  al. (2017) showed that the gas 
retrieved from shallow depth is mainly composed of 
microbial gas (primary and partly altered) mixed with 
deep thermogenic gas (originating from Triassic and Per-
mian sequences).

Plots of δ13C of methane versus δ13C of ethane, and 
δ13C of ethane versus δ13C of propane (Berner and Faber 
1996; Fig. 9c, d) are often used to determine the organic 
precursor and thermal maturity of the gas. Due to con-
tribution of microbial methane, the isotopic composi-
tion of methane is not helpful to determine any organic 
precursor for the thermogenic component of the Satigny 
gas (Fig.  9c). Similar results have been obtained in the 
Swiss Plateau (in Sachseln and Lötschberg; Wyss, 2001) 
and interpreted as the result of microbial influence. 
Etiope et  al. (2010) interpreted the lack of significant 

concentrations of  C3+ alkanes in the Giswil gas seep as 
the result of biodegradation. Clear evidence of biodeg-
radation has been found in the bitumen sample encoun-
tered at Satigny with the gas (Fig.  8). Biodegradation 
may have affected the Satigny gas as well, but a more 
detailed study including δ13C-CO2 measurement would 
be required to support this interpretation.

The stable carbon isotopic composition of ethane 
and propane from Satigny does not show any micro-
bial contribution or biodegradation related shifts as in 
the Austrian Foreland Basin (Pytlak et  al. 2017). Matu-
rity trends of Type II and III precursors show that the 
Satigny gas can originate either from an overmature Type 
II (from ~ 1.6 to 2.0 VRr%) or a mature Type III source 
rock (~ 1.2VRr%, Fig. 9d). It is important to note that no 
information exists about the isotopic data of potential 
precursor kerogen in the study area; therefore, we used 
the isotope ratios for sapropelic and humic kerogens used 
by Berner and Faber (1996) as guideline. In the Geneva 
Basin, the two major source-rocks identified in this 
study, namely the dominantly Type II Toarcian and the 
dominantly Type III Carboniferous, are in the early-oil 
window and early-gas window, respectively. There is no 
indication of overmature marine Type II source rocks at 
depth. Thus, the gas retrieved at Satigny likely originates 
from Carboniferous source rock bearing Type III kero-
gen. To reinforce this assumption, the high  iC4/nC4 ratio 
of the sample from Satigny supports an origin from early 
mature type III kerogen (Connan and Cassou 1980).

The terrigenous origin of the Satigny gas is also in 
agreement with gas found in wells drilled in the Jura 
region and gas seeps at Cuarny and at Essertines for 
which a Type III thermogenic source with a matu-
rity < 1.5% VRr (Pullan and Berry 2019). A comparable 
origin has been put forward for the origin of gas from 
the Weiach and Schafisheim wells (Hinze et  al. 1986) 
located above deep Permo-Carboniferous grabens in the 
northeastern Swiss Plateauu. The Giswil and Wilen gas 
seeps identified by Wyss (2001) and Etiope et  al. (2010) 
in the southern limb of the Swiss Plateau seem to be in 
turn originating from a Type II thermogenic source with 
a maturity < 1.5% VRr. This shows the complexity of the 
petroleum systems acting below the Swiss Plateau.

5.2.3  Implications for geothermal exploration
The occurrence of mature marine and terrigenous OM 
in the Geneva Basin subsurface is of importance for 
the geothermal exploration as (1) the reservoir targets 
of the Upper Jurassic and Lower Cretaceous carbon-
ates can be impregnated or partly filled by hydrocar-
bons as it has been shown in the Lower Cretaceous 
(Moscariello 2019) and (2) unexpected gas pockets can 
be encountered at variable depths during the drilling 
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operations, thus representing a potential risk with neg-
ative impact on safety and overall exploration costs.

Given the geometry of the Geneva Basin, a foreland 
setting with the foredeep located to the SE close to the 
northwestern margin of the Alpine front, hydrocar-
bons mostly migrate up-dip from the SE to NW. This 
explains why most of the oils seeps are located at the 
northwestern tip of the Molasse Basin (Leu 2012; Mos-
cariello et  al. 2020b). However, the Geneva Basin is 
highly faulted and cross-cut by several NW–SE left-lat-
eral strike-slip faults and NE-SW thrust faults accom-
modating the recent compressional deformation of the 
Alpine arc (Moscariello 2019). This structural pattern 
may both (1) facilitate the formation of structural traps 
in the basin and (2) prevent from large accumulations 
of hydrocarbons at depth in case of leaking. Most of the 
thrust faults are rooted in intermediate marly strati-
graphic units within the Lower Cretaceous and Mid-
dle Jurassic (Moscariello 2019), the deepest ones being 
rooted in the evaporites of the Keuper (Fig.  12) that 
supposedly act as a regional seal (Fig.  2). Those faults 
may act as preferential pathways for the hydrocarbons 
generated at depth (Fig.  12), specifically in the case of 
the marine Type II-derived oil. Although the organic-
rich Toarcian shales in the Geneva Basin have a fair to 
excellent petroleum potential (Fig.  11), their limited 
thickness not exceeding 8  m in the Humilly-2 well, 
combined with the likely absence of large and struc-
tural traps, make the encountering of large hydrocar-
bon accumulations a low risk for the deep geothermal 
exploration.

Seismic reflection profiles below the Geneva Basin 
show the occurrence deep grabens most likely filled by 
Permo-Carboniferous rocks (Fig.  12a, b; Moscariello 
2019). There, both the lacustrine Permian shales and the 
coal-bearing Carboniferous shales would be in the gas 
window at present-day and surely represent the strati-
graphic interval of highest chance of conventional gas 
accumulations below the Triassic seal, as it has been 
revealed further east in the St Gallen area (Omodeo-Salé 
et al. 2020). However, as indicated before, the seal integ-
rity at this level could have been severely affected and 
weakened by the large amount of faults developed during 
the Alpine shortening which cross the entire stratigraphic 
succession. This can explain why deep Type III-derived 
gas have reached the topmost stratigraphic levels in 
the Molasse. It has been documented that the Permo-
Carboniferous itself may act as tight gas reservoirs as in 
Noville (Leu 2012) as well as the Buntsandstein (Moscari-
ello 2019). In this respect, a 3D basin modeling study will 
be required to model and quantify the circulation, satu-
ration and potential stratigraphic/structural traps in the 
entire Geneva Basin.

6  Conclusions
Two major source-rocks have been identified in the 
Geneva Basin, the dominantly marine Type II Toarcian 
(Lower Jurassic) shales and the terrigenous Type III 
Carboniferous.

The Toarcian source-rock is immature in the Jura 
region, in the oil window in the Geneva Basin and over-
mature at the front of the Alpine thrust. Rock–Eval 
pyrolysis combined with gas chromatography indi-
cate that this source-rock is composed of a mixture of 
Type II and III organic matter, the latter being more 
influent towards the Jura and the South of the basin 
(Chapeiry-1). The petroleum potential of the Toarcian 
shales is fair to excellent, but its limited thickness and 
the dense network of faults and fractures in the area did 
not favor accumulation and preservation of petroleum 
generated by this source-rock and hence the risk for the 
geothermal exploration is low.

The Carboniferous source-rock is at least in the oil 
window in the Jura and in the late oil-wet gas window 
in the Geneva Basin. Pyrolysis and geochemical indica-
tors reveal that this source-rock mostly contains Type III 
organic matter with slight to significant marine or lacus-
trine OM inputs. Even though the present-day potential 
below the Geneva Basin is rather low because it already 
expelled hydrocarbons, it may have charged large accu-
mulations that would represent high risk for geother-
mal exploration. As highlighted by our study, gas pocket 
can be encountered at shallow depth, demonstrating the 
ability of hydrocarbons generated at depth to migrate 
through the entire stratigraphic succession.

The bitumen sampled in the Roulave stream seems 
to be derived from the marine Type II Toarcian shales 
as indicated by the relative abundance of regular ster-
anes  (C27 to  C29). On the other hand, the origin of bitu-
men retrieved from Satigny shallow borehole cannot be 
identified, due to the high degree of biodegradation. It 
might either originate from the marine Type II Toarcian 
shales or from the Permian lacustrine shales as shown 
previously in the Jura region. Given the maturity of the 
identified marine and terrigenous source-rocks, the gas 
sampled  in the Satigny borehole most likely derives from 
a mature terrigenous Type III organic matter such as the 
Carboniferous source-rock.
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