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Summary

Possible hydrocarbon occurrences have a major impact on the prospecting and development of geothermal res-
ervoirs as well as potential uses of the deep subsurface as sites for energy and CO»-storage. The deep subsurface
of the Swiss Plateau from Lake Geneva to Lake Constance comprises a heterogeneous sedimentary succession,
which documents a complex paleogeographic, climatic and tectonic history dating back around 300 million
years. During this period, organic-rich formations accumulated from which hydrocarbons were generated, as
revealed by several surface occurrences visible today (Roulavaz, Eclepens and others). The available data from
deep reflection seismic and sparse well data, acquired mostly between the 1960s and 1980s for hydrocarbon
prospection, indicate the presence of a series of tight reservoirs and source-rock intervals, at least within the main
study area of the Lake Geneva basin. The series may serve as unconventional reservoirs for both oil and gas
accumulations. This study evaluates the petroleum play elements of the Swiss Plateau and thus provides an
independent and unbiased view on the occurrence of subsurface hydrocarbon resources within the study area,
which is extrapolated to the entire Swiss Plateau.

Zusammenfassung

Mogliche Kohlenwasserstoffvorkommen haben grossen Einfluss auf das Aufsuchen und Erschliessen von Ge-
othermie-Reservoiren sowie moglicher Nutzungen des tiefen Untergrunds als Energie-, oder CO2-Speicher. Der
tiefe Untergrund des schweizerischen Molassebeckens zwischen dem Boden- und Genfersee besteht aus einer
heterogenen sedimentiren Schichtenfolge, welche eine komplexe paldo-geographische, klimatische und tektoni-
sche Geschichte hat, die mindestens 300 Millionen Jahre umfasst. Wéhrend dieser Periode haben sich Organika-
reiche Sedimente abgelagert, was sich in den daraus gebildeten Kohlenwasserstoffen heute manifestiert (Roula-
vaz, Eclépens und andere). Die hauptsdchlich zwischen den 1960er und 1980er Jahren im Rahmen von Kohlen-
wasserstoffprospektion gewonnenen Daten aus Reflexionsseismik sowie den wenigen Tiefbohrungen zeigen an,
dass es zumindest im Hauptuntersuchungsgebiet des Genferseebeckens eine Serie von dichten Reservoiren und
Muttergestein gibt, die als mdgliche unkonventionelle Erdgas- und Erddlreservoire fungieren kdnnten. Diese
Studie zielt darauf ab, Elemente systematischer Kohlenwasserstoffvorkommen (sogenannte «plays») des schwei-
zerischen Molassebeckens zu bestimmen, darauf abstiitzend, eine erste unabhingige und unvoreingenommene
Abschitzung der Kohlenwasserstoffvorkommen des Untersuchungsgebiets vorzunehmen und diese grob fiir das
gesamte Mittelland zu extrapolieren.

Résumé

Les éventuelles occurrences d'hydrocarbures ont une influence majeure sur la prospection et la mise en valeur
de réservoirs géothermiques, ainsi que sur les utilisations possibles des profondeurs souterraines comme stockage
d'énergie ou de CO». Le sous-sol profond du Plateau suisse du lac Léman au lac de Constance est constitué par
une succession sédimentaire hétérogéne qui témoigne d’une paléogéographie et une histoire climatique et tecto-
nique complexe durée environ 300 millions d'années. Pendant cette période, des formations riches en maticre
organique ont été accumulées qui ont généré des hydrocarbures comme indiqué par plusieurs manifestations de
surface visibles aujourd'hui (Roulavaz, Eclépens, etc.). Au moins dans le bassin Lémanique, périmétre principale
de cette étude, les quelques puits et les données sismiques acquis principalement entre les années 1960 et 1980
pour la prospection d'hydrocarbures, indiquent la présence d'une série de réservoirs a basse perméabilité et des
intervalles de ‘schistes’ qui pourraient constituer des possible réservoirs non-conventionnels de pétrole et de gaz.
Cette étude vise a évaluer les ¢léments du systéme pétrolier du plateau suisse, ainsi fournir une vue indépendante
et impartiale sur la présence des ressources en hydrocarbures du sous-sol de la région étudié et extrapoler celle-
ci au Plateau suisse entier.
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(b) the inset shows the interpolated depth map (meters) and the well locations. Original figure
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1. Introduction

1.1. Project context

A number of geothermal wells drilled in recent years in Switzerland have encountered natural gas, either of
biogenic or thermogenic origin. Examples include wells drilled to install ground-source heat pumps in the Pre-
alps (Spiez, BE) and in the Swiss Molasse Basin (Oftringen, AG). Another example is the one drilled in 2013 in
St. Gallen (SG), which traverses large portions of the stratigraphic records of the Swiss Molasse Basin. This
leads to the conclusion that natural gas associated with or encountered during geothermal resource exploration
and development is a hazard that needs to be managed (Wyss 2002). There is a non-zero risk that this hazard
may con-tribute to a top Health, Safety and Environment” event such as loss of containment, explosions or fires.
A technical note from SUVA, the Swiss National Accident Insurance Agency acting in a regulatory capacity,
defines hazard levels that depends on, among other things, the regional geology and in particular its hydrocarbon
characteristics. When drilling for geothermal resources, it should be good practice to expect the occurrence of
hydrocarbons, HS and H,S which consequently has implication on managing health, safety and environmental
aspects. In the case of possible or likely natural gas occurrences, for example, SUVA requires an expert (geo-
logical) assessment on the occurrence and the rates and modes of degassing. While hazards in connection with
natural gas occurrences arguably may have more severe consequences, those associated with oil should not be
neglected.

Safety issues are thus intimately connected to a fundamental question about hydrocarbon occurrences. The 2013
geothermal well SG-1 of the « St. Galler Stadtwerke » (the city’s utility company) is a case in point, when the
well encountered a natural gas reservoir of unknown but probably limited quantity. This event re-emphasizes the
fundamental question of the link between geo-thermal reservoirs and hydrocarbon occurrences. Is it possible that
— similar to the case in The Netherlands — hot aquifer geothermal resources in sedimentary basins often contain
associated natural gas or even 0il? Such considerations have to be addressed to identify hazards and risks during
the entire life-cycle of geothermal projects, from prospecting, exploration and development to the abandonment
of wells. Based on the knowledge of the likelihood of hydrocarbon occurrences in conjunction with geothermal
reservoirs, project developers are well advised to de-rive strategies and measures to deal with such risks.

In the past few years, several projects aimed at assessing the deep geothermal potential and the feasibility for
CO; capture and storage (CCS) have originated in Europe and more specifically in Switzerland, where the future
supply of energy is challenging the scientific community. In parallel, with the advent of large-scale development
of unconventional hydrocarbon resources, the industry has gained an interest in exploring such resources in
Switzerland. They often speculated on the huge resource potential and the possibility of commercially exploita-
ble reserves and thus generated considerable attention from potential investors, cantons and the public — not in
the least from the media.

Today hydrocarbons still play an important role in the Swiss energy mix. In 2021, for instance, without consid-
ering the fuel consumption that dominates energy supply for transportation, crude oil represents 36.3% of the
energy end use whereas gas constitutes 12.8%%*. In the future, the role of gas may increase in view of the federal
energy strategy, which foresees the installation of gas-fired power stations to respond to the energy (electricity)
demand after 2032.

In this context, it has to be considered that the global energy industry is highly competitive, achieving impressive
cost reductions in even highly mature markets. Therefore, foreign hydrocarbons supplied to Switzerland will
remain the preferred source, unless severe and long-term supply disruptions occur (economical conflicts, terri-
torial wars, etc.). Although there is probably only limited scope for developing such resources domestically under

* https://www.eda.admin.ch/aboutswitzerland/en/home/wirtschaft/energie/energie---fakten-und-zahlen.html
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current legal circumstances, no independent evaluation by federal or cantonal offices of Switzerland’s uncon-
ventional hydrocarbon resource potential exists to date. Considering the dominant role that hydrocarbons play
today, the intensely debated Swiss energy mix for the future and the questions regarding the security of supply,
it is most timely now for Switzerland to have an independent assessment of its indigenous hydrocarbon resources.

The above-mentioned situation emphasizes the need to gain knowledge about the subsurface geology of Swit-
zerland and to assess the potential energetic resources (both fossil and renewable). On this basis, the Swiss Fed-
eral Office of Energy (SFOE) and the Federal Office of Topography (swisstopo) have decided to sponsor the
joint UNCONGAS project aiming to assess the unconventional resources beneath the Swiss Plateau, a planned
geomorphological region included between the Alpine Chain and the Jura Mountain Chains (Figure 1).

The Swiss Plateau forms part of the Swiss Foreland Basin, which comprises a heterogeneous sedimentary suc-
cession, documenting a complex paleogeographic, climatic and tectonic history spanning an age of around 300
million years, from the Paleozoic to the present. During this period, a thick series of sedimentary rocks (up to
5000 m thick) composed of carbonates, siliciclastics and evaporites accumulated. Some of these sedimentary
formations contain organic-rich layers that are sources of hydrocarbons (oil and gas), as revealed by several
surface occurrences visible today (LEU 2012). These occurrences show that a petroleum system sensu lato is
actually active beneath the Swiss Foreland Basin (Figure 1; AJUABA et al. 2023; Do COuUTO et al. 2021; MOS-
CARIELLO 2019; OMODEO SALE et. Al. 2020, 2021). In addition, available data (2D seismic and well data) indi-
cate the presence of tight reservoirs and potential source rocks, which may be investigated as possible uncon-
ventional reservoirs of both oil and gas accumulations.

A

Figure 1: Location of the Swiss Foreland Basin, forming the Swiss Plateau geomorphological
area.

The goal of the UNCONGAS project is to evaluate the unconventional petroleum plays of the western Swiss
Plateau using relevant accessible data and to provide an independent and unbiased view on the occurrence of
subsurface hydrocarbon resources within this region. The strategy is to enhance the pool of existing data and
knowledge, filling knowledge gaps by targeting specific study areas in order to get a regional understanding of
the unconventional resources.
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1.2. Definition of unconventional petroleum geology

The term “unconventional petroleum system” refers to non-conventional oil and gas accumulations generally
hosted in low- to very low-permeability rock formations (< 0.1 mD), which can be rather widespread and con-
tinuous and which have no obvious trap and caprock nor uniform contacts between gas and oil or oil and water
(Zou 2017, Figure 2). There is actually no clear classification scheme for unconventional accumulations, com-
pared to the conventional accumulation classified on the basis of traps. Unconventional gas accumulations in-
clude shale gas, tight-sandstone gas, coal-bed methane (CBM), biogenic gas and natural gas hydrates. Oil and
gas accumulation in unconventional reservoirs (volcanic or metamorphic rocks, fracture-cavity carbonate rocks)
may also be included in unconventional petroleum resources.

Based on past exploration, ZOU (2017) proposed a method to differentiate the types of unconventional hydrocar-
bon accumulations according to the reservoir continuity, the migration mechanism and the accumulation pattern.
In Figure 2 a classification of unconventional vs. conventional petroleum accumulations is proposed.

To explore the hydrocarbon potential of an area, a series of relevant steps needs to be followed. The first step is
to constrain the geological model, determining the geometries of the stratigraphic unit that form the basin infill,
their lithological properties and the main structural elements of the area. These elements represent the key pa-
rameters controlling the burial depth of the rocks and the main fluid migration paths, which are necessary for the
understanding of the generation and migration of hydrocarbons. For the Swiss Plateau, well and seismic data are
most commonly used.

Once the geological model is defined, a second step is to identify the source rocks and the reservoirs of the
petroleum system. In order to determine the amount and type (oil and/or gas) of hydrocarbons that could be
generated in the basin, the potential source rocks are characterized by means of a detailed geochemical screening.
Reservoir properties are also defined, so that the geological units with potential hydrocarbon accumulation can
be determined. To estimate the volume of hydrocarbons that could be stored, structural and stratigraphical traps
are distinguished, mostly by interpreting seismic data.

1.3. Study plan

Launching the UNCONGAS project was possible thanks to the access to a vast data set provided by swisstopo
with the authorisation of the National Cooperative for the Disposal of Radioactive Waste (NAGRA) and the
«Aktiengesellschaft fiir Schweizerisches Erdol (SEAG)» data providers. The agreements between the University
of Geneva (UNIGE) and the data providers NAGRA and SEAG were concluded by end of August 2015. There-
after, all the available digital seismic lines and well data were delivered to swisstopo. These data were integrated
in a common exploration project involving the KingdomSuite® and Petrel® (Schlumberger) software suites, in-
cluding correlation and analysis.

The study was subdivided into four parts, and the following results are described separately in this report:

e Part 1 (2015-2016) was dedicated to establishing a solid understanding of a pilot area in the south-
western Swiss Plateau (Canton of Geneva and neighboring France), where most of the data were readily
available. In this phase, seven wells (in alphabetic order: Chaleyriat-1, Chatillon-1, Chapéry-1, Char-
mont-1, Faucigny-1, Humilly-2 and La Chandeli¢re-1D) were inspected, logged and sampled to analyse
the potential source-rock and reservoir formations, including the Toarcian shales and the Permo-Car-
boniferous coal. Then, a comprehensive series of analyses including detailed petrography, inorganic
and organic geochemistry were made. A major portion of this period was also dedicated to reaching the
agreements with the data providers (swisstopo, NAGRA and SEAG).

e Part 2 (2016-2017) was aimed at assessing the potential for subsurface unconventional hydrocarbon
resources in the Swiss Plateau region, focusing on the western Swiss Plateau. The particular target was
to investigate the geochemistry and the thermal maturity of two important source rocks, the Toarcian
Posidonia shale and the Permo-Carboniferous carbonaceous unit. More precisely, the second part of the
UNCONGAS project was subdivided into tasks that included (1) seismic interpretation of deep intervals
and well-log correlation, (2) detailed geochemical analysis of the source rocks by measuring their vit-
rinite reflectance, (3) organic geochemistry of biomarkers within the source rocks and the superficial
oil and gas seeps.

— 10—
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e Part 3 (2017) was devoted to 1D and 3D Basin and Petroleum System Modelling (BPSM) of the pilot
area located in the south-western part of the Swiss Plateau (Canton of Geneva).

e Part 4 (2017) summarized the calculation methods for estimating the unconventional hydrocarbon re-
sources of the entire Swiss Plateau, using the workflows applied to the south-western part of the Swiss
Plateau (Canton of Geneva) and the acquired knowledge. To this end the results of Parts 1 and 2 where
extrapolated with the help of data from the GeoMol project of swisstopo. The two main source rocks,
the continental Permo-Carboniferous coal-bearing units and the marine Toarcian (Lower Jurassic) black
shales, were involved in this work.
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Figure 2: Hydrocarbon resource types and accumulation patterns (ZouU 2017)

1.4. Methodology

In order to characterize the various petroleum plays that have been described in the past and to constrain the
unconventional petroleum resources, the UNCONGAS project aimed at distinguishing the different elements
comprising the unconventional petroleum system (source rock, reservoir and seal). Hence, UNCONGAS is a
multidisciplinary project that investigated the following characteristics:

spatial distribution and thickness of the potential source rocks and reservoirs

e petrography of potential source rocks, in particular that of the Toarcian (Posidonia) shales, and pe-
trography and spatial variability of the reservoirs

e inorganic geochemistry (major and trace elements) of the source rocks and reservoirs

e organic geochemistry and maturation of the source rocks.

1.4.1. Interpretation of the subsurface geology

A large set of 2D seismic data provided by NAGRA and SEAG via swisstopo (Figure 3), combined with data
from several wells, was used to define the spatial distribution and thickness of the potential source rocks and
reservoirs. The interpretation of the seismic lines is still ongoing and is thus not detailed in this report.

The agreements with our partners swisstopo, NAGRA and SEAG provided UNIGE with access to the seismic
lines and interpretations used within the scope of the GeoMol project. Access to the majority of the data is

—11 -
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restricted. Because of the current situation in Switzerland regarding data access and management, each canton
manages its own subsurface data, resulting in a non-harmonised dataset. The datum (level of reference) used in
acquiring and processing the seismic lines is also not consistent. Therefore, in this project many seismic lines
throughout the Swiss Plateau require vertical shifts to enable correlation within the area of study (Figure 4). This
process of manual shifting is ongoing, beginning at the French-Geneva border area and progressing eastward.

2560000

2800000

2D seismic lines provided in 2015

2D seismic lines previously gathered from 2014

2D seismic lines unavailable

Wells provided in 2015

Wells gathered in the French-Geneva area from 2014

Figure 3: Location map of the 2D seismic lines received in 2015 and the seismic lines gath-
ered over many years at the University of Geneva. Red dots are the wells received in
2015 and provided by swisstopo.
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Figure 4: Screen capture showing the current state of the seismic line mismatch: arbitrary
lines located between the Tschugg-1 and Chapelle-1 wells. In this case, time-demand-
ing manual vertical shifts need to be applied line by line before starting the actual
seismic interpretation.
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1.4.2. Analytical workflow

The workflow used to perform all the analyses of the unconventional petroleum systems of the Swiss Plateau
can be summarized as follows (Figure 5):

e A petrographic analysis is performed using the QEMSCAN high-resolution and automated petro-
graphic solution, which also help to analyse the 2D porosity of each sample and identify the clay
fraction.

e The QEMSCAN analysis is coupled with X-ray diffraction to identify more specifically the small
clay fraction that cannot be recognized by QEMSCAN analysis because of its small size or complex
chemistry.

e In parallel, a complete geochemical analysis is carried out on each sample, measuring both major
and trace elements by the ICP-MS method (Inductively Coupled Plasma Mass Spectrometry),
which helps to correlate the rock chemistry with its petrography and to identify possible che-
mostratigraphic trends in the wells.

e The rock’s organic geochemistry is analysed in two to three steps, from the classical Rock-Eval
pyrolysis (to characterize the amount and actual state of the remnant organic matter enclosed in the
rock) to the vitrinite reflectance analysis (to investigate the thermal maturity of the organic matter)
and, when possible, to the biomarker analysis (to determine the origin and migration of currently
existing petroleum deposits).
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Figure 5: Depiction of the analytical workflow in the UNCONGAS project. See the text for
details.

1.4.3. Modelling

Modelling (BPSM) is an excellent tool for reconstructing the thermal history of a basin and simulating the for-
mation of oil and gas accumulations in the basin. It permits to take into account of a large number of geological
variables (e.g. lithology, thickness, geometry, heat flow, compaction factor, fluid circulation, faulting, type of
organic matter etc.), and to quantify their effect on the thermal maturation of the organic matter and the hydro-
carbon generation, migration and accumulation. In this work the Geneva Basin area was modelled, integrating
geological and geochemical information.
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UNCONGAS Part 1 (2015-2016)
Preliminary prospection

Geological settings and data

The south-western Molasse Basin (our first study site), also defined as the Geneva Basin, forms an asymmetric
foreland basin characterized by an erosional north-western border along the Jura Mountains and a thrusted south-
easters border hidden beneath the Alpine nappes (Figure 6). The Geneva Basin is bounded by (1) the Jura Moun-
tains toward the NW, forming an arcuate fold-and-thrust belt and (2) the Alpine units toward the SE, forming a
nappe stack (Figure 6).

248?000 256?000

11 5IZII000

110(]]000

1 05([!000

™

T g

/

\

NY| [ bl Swiss Foreland Basin:
a.Molasseunit,  b. Subalpine Molasse unit

Jura units Alpine units
[ ] JuaPlateau 1] Prealps(Penninic)

~ =
A ’.",‘/ ' [ Haute Chaine [ | Subalpine, helvetic nappes
_—7—0’ ¥ z E B External Crystaliine massifs
/A b [] Penninic nappes
5 oo :
; A |
"oﬂ \g/ | o Wels
B umilly 2 , . e  Studiedwels
ANV 4 aucignyAl
eliere\ 1 SN -
f I\ I 7~ strike-slipfault
!

o Thrustfaut

- “ Blind strike-slip fault
_l( ) _«" Biindthrust fault

",' ; q/* s ﬁ
Chapei’ry’jjjz, 4 gj %
A

4
4
) f
'

!

< j"id/ .;" i
A / ‘n .: &y

Figure 6: Geological map of the study area showing the location of the wells used for the

source-rock analysis.

The Geneva Basin consists of a thick Mesozoic and Cenozoic sedimentary cover (3000-5000 m thick), which
overlies the Variscan crystalline basement gently dipping S-SE (1°-3°). The oldest units do not outcrop in the
basin but are described in the literature through the information from several wells (CHAROLLAIS et al. 2007,
GORIN et al. 1993, SIGNER & GORIN 1995, SOMMARUGA et al. 2012). Above the crystalline basement, the strat-
igraphic succession extends from the Late Carboniferous to the Quaternary (Figure 6) and can be summarized

as follows:

Late Carboniferous and Permian siliciclastic sediments, containing coals beds, were deposited in
southwest-northeast-oriented grabens and constitute relatively small confined basins.

The Triassic period is marked by the deposition of shallow marine sediments in an epicontinental
sea environment. The Lower Triassic (Buntsandstein) is characterized by the deposition of sand-
stone. It is overlain by Middle Triassic carbonates and dolomites (Muschelkalk) as well as a thick
sequence of evaporites (Keuper).

The deposition of marls and shales during the Lower Jurassic (Lias) evolved into limestones and
carbonaceous shales from the Middle to Upper Jurassic (Dogger and Malm).

— 14—
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. The Lower Cretaceous is marked by carbonate platform deposits with bioclastic limestone, whereas
the Upper Cretaceous record is missing. A major subaerial erosional surface affecting the top of the
Lower Cretaceous is associated with the development of karst, which was filled by oxidized conti-
nental deposits attributed to the Late Eocene. Thus the unconformity ranges between the Lower
Cretaceous and the Eocene.

. Eocene to Late Miocene siliciclastic 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 clastic sandstone and marls of either a marine or a continental freshwater
depositional environment, while the rest of the Molasse units (located in the Swiss Foreland Basin)
comprises mostly clastic sediments of continental origin.

2.1.1. Petroleum system elements

A common exploration approach in the identification of a petroleum system is to define the Petroleum System
Elements (PSE) such as the source rocks, reservoirs, seal and the overburden rocks (MAGOON & DOW 1994).
According to the literature and well data, only two major source rocks are defined in the stratigraphic succession
of the Swiss Plateau (Figure 6): the Permo-Carboniferous coals and the Lower Jurassic shales (known as the
Posidonia or Toarcian shales). In contrast, a wide range of potential reservoirs has been recognized from the
Permo-Carboniferous / Lower Triassic sandstones to the Middle and Upper Jurassic carbonates, as well as in the
Lower Cretaceous carbonates and the Molasse sandstones. These reservoirs are characterized by a broad spec-
trum of lithologies and degree of compaction. Consequently, their respective porosity and permeability, which
are insufficiently described in the literature, may vary greatly. One of the most significant sealing formations in
the western Molasse Basin is the thick dolomitic and evaporitic succession of the Trias (Muschelkalk and Keu-
per). The Lower Jurassic deposits are mostly shales ad thus may also act as a regional seal.

Consequently, many petroleum plays have been envisaged in the past, such as (1) gas accumulation in the Permo-
Carboniferous sandstones, (2) coal-bed methane in the Permo-Carboniferous, given the numerous coal interca-
lations and (3) oil and/or gas accumulation in the Mesozoic and Cretaceous carbonates as well as (4) the Cenozoic
sandstones comprising the Molasse.

2.1.2. Sample collection

Among the seven sampled wells, the Humilly-2 well, located near the French border (Figure 6) and spanning the
complete stratigraphic succession from the Permo-Carboniferous to the Molasse, was sampled at regular and
high-resolution intervals throughout the succession. The other six wells (Chaleyriat-1, Chatillon-1D, Chapéry-
1, Charmont-1, Faucigny-1, and La Chandeli¢re-1D) were sampled at only two specific stratigraphic levels: the
Permo-Carboniferous coals (if retrieved from the wells) and the Lower Jurassic shales. It should be noted that
during the on-site well description and sampling, the most favourable lithologies had already been taken from
cores or cuttings and were thus not available for this study.

Table 1: Summary samples collected from each well and of the repartition of the analyses
performed on samples from specified wells.

Total num-

Well ber of sam- 1I:lugs and Cuttings QEMSCAN ICP-MS Rocl<l-Eya1 Vlgmlte
ples ragments pyrolysis reflectance

Chaleyriat-1 10 5 5 5 5 5 0
Chatillon-1D 8 6 2 2 1 1 1
Chapéry-1 24 9 15 6 14 11 4
Charmont-1 9 1 8 2 4 8 3
Faucigny-1 28 20 8 6 7 7 2
Humilly-2 186 47 139 85 68 142 4

La Chande-

lisre-1D 10 6 4 4 4 4 0
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A total of 186 samples were taken along the entire length of the Humilly-2 well and at a particularly higher
sampling rate within the Toarcian layers. From the other six wells, a total of 89 samples were collected (see
Table 1, Table 2 and Table 3).
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2.2. Results and interpretation

2.2.1. Inorganic petrography and geochemistry

a) Petrography of the Toarcian shale from the Humilly-2 well

Sample analysis involved 110 QEMSCAN measurements, an integrated and automated mineralogical and pet-
rographic technique providing quantitative characterization of minerals and rocks (GOTTLIEB et al. 2000; PIRRIE
et al. 2004). In the following, the results of the Lower Jurassic shale petrography are described.

The Posidonia shales of Toarcian age (Lower Jurassic) are considered as a potential seal for underground storage
of CO, (CHEVALIER et al. 2010) in the Molasse Basin. They have also been considered as potential source rocks,
given their high content in organic matter (LEU & GAUTSCHI 2014).

In the Humilly-2 well, 71 m of Toarcian shales (between 2169 and 2240 m MD) containing 8 m of bituminous
black shales (2232-2240 m MD) were encountered. Eight samples of cuttings, of which six are from the black
shale succession, were analysed with the QEMSCAN (Figure 7). From a macroscopic point of view, the sample
material appears homogeneous. However, the QEMSCAN analysis revealed various cutting fragments that cor-
respond to distinct lithofacies (Figure 7). The cuttings mostly comprise calcitic fragments (light purple) and clay
fragments (green).

The highlights of this analytical work are as follows:

. The results of QEMSCAN analysis (Figure 7) were integrated with X-ray diffraction (XRD) analysis
(see for instance Figure 8) on clays. The XRD measurements were carried out on the black-shale
interval (2232-2240 m) with the smallest particle size.

. At 2228 and 2236 m, two other types of fragments can be recognized: one mostly comprising fluoro-
apatite (and confirmed by XRD measurement) and the other made of pyrite. The pyrite embedded
within the shaley fragments shows a framboid morphology (SEM images; Figure 9).

. The complete analysis of the Toarcian shales from the Humilly-2 well allows us to build a modal
mineralogy chart (Figure 10). This chart shows mineral percentage calculated from the false colour
image of the QEMSCAN measurements. Therefore, each line represents the areal percentage of each
mineral phase recognized by the QEMSCAN within one sample of drill cutting.

The black shales from the Humilly-2 well (indicated by the red rectangle in Figure 10) are mostly composed of
clays, calcite, silty quartz, pyrite and fluoro-apatite. Most of the clay fraction comprises illite, kaolinite, chlorite,
illite-smectite and hydroxy-interlayered minerals (HIM; Figure 10). The calcitic component of the section dis-
played in Figure 10 shows a decreasing trend from the Sinemurian towards the base of the Toarcian, followed
by a slight increase upward within the Toarcian that continues to the Aalenian. Such a trend is in accordance
with the macroscopic observations (see stratigraphic log in Figure 10). However, the change from shales to
carbonates does not appear as abrupt as in the description of the borehole (S.N.P.A., 1969). This difference is
most probably due to the fact that drill cuttings are partially mixed and contaminated by overlying layers as they
are brought to the surface by circulating drilling fluids.

The next step consisted of establishing a list of lithofacies characteristics of one interval (such as the clay or the
calcitic fragments) and investigating their distribution as a function of depth.
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Figure 7: QEMSCAN images of the Humilly-2 well Toarcian cuttings showing minerals and
textures in false colours. Samples 2234, 2236, 2238 and 2240 are within the black
shales interval. The legend is shown in the lower right corner.
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Figure 8: X-ray diffractogram of a sample of the Toarcian black shale from the Humilly-2
well taken at a depth of 2240 m. Red curve: air-dried sample measured without treat-
ment. Blue curve: ethylene-glycol saturated sample to identify the nature of the non-
swelling clays in particular illite-smectite mixed-layer clays (HIM: hydroxy-interlay-
ered minerals)
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Figure 9: SEM picture of framboid pyrite in the black shale of the Toarcian (sample taken at
2228 m MD from the Humilly-2 well).
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b) Geochemistry of the Toarcian shale from the Humilly-2 well

Parallel to the petrographic investigation, total whole-rock geochemistry characterization (ICP-MS) determined
both major (Si, Al, Fe, Mg, Ca, Na, K, Ti, P, Mn and Cr) and trace element (metallic elements, U, Th, V and
REE) abundance. In the Lower to Middle Jurassic section of the Humilly-2 well (Figure 11), the geochemical
trends of SiO; and CaO appear anti-correlated. The SiO, content sharply decreases in the black shale interval,
while the CaO content simultaneously increases to a slight degree (Figure 11). Comparison with the QEMSCAN
measurements shows that the geochemical trends in CaO and SiO; are fairly well represented by the proportional
trends in calcite and quartz (Figure 10).

Phosphate, as well as incompatible and metallic elements (U, Mo, Cu, Zn, Cd, V), are relatively enriched in the
Toarcian section of the Humilly-2 well (Figure 11). The high phosphatic content is a common feature of anoxic
shales even though the concentration and precipitation processes are still debated (TRIBOVILLARD et al. 2006).
In the Toarcian shales from the Humilly-2 well, the phosphatic enrichment is characterized by the occurrence of
(fluoro-) apatite of diagenetic origin as can be seen in the sample located at 2228 m MD (Figure 7). The metallic
enrichment is clearly visible at the bottom of the black shale interval (Figure 11) and does not prevail towards
the top. This observation suggests that anoxic conditions remained active only for short time.

c) Petrography and geochemistry of the Lower Jurassic shale in the Molasse Basin

QEMSCAN analyses were also carried out on the Lower Jurassic shale from the Chaleyriat-1, Chapéry-1, Fau-
cigny-1 and La Chandeliére-1D wells. In Figure 12, three different images of these wells are presented to com-
pare the variability of the sample petrography. In the drill cuttings from the Chapéry-1 well, except for the two
lower ones at 3722.7 and 3719.8 m (MD), the clay fraction is mostly, if not exclusively, composed of illite (CHY
in Figure 12). The silty quartz and calcitic fractions are relatively low compared to those of the Humilly-2 well
(Figure 10). The petrography of the Lower Jurassic shales from the Faucigny-1 well (FAY in Figure 12) is similar
to that of the shales from the the Humilly-2 well, albeit a higher quartz and a lower calcite fraction (Figure 10
and Figure 12). Between the La Chandeli¢re-1D (LCD in Figure 12) and the Chaleyriat-1 (CYT in Figure 12)
wells, the petrography of the Toarcian shales differs. The shales from the former constitute siltsone with calcitic
cement, whereas those from the latter are richer in kaolinite and illite than in quartz and calcite.

The average geochemistry of the major elements of the Lower Jurassic shales is summarized in Figure 13. In
agreement with the results of the QEMSCAN analysis, the average geochemical composition of the Lower Ju-
rassic shales from the Faucigny-1, Chapéry-1 and Humilly-2 wells are rather similar to each other. In contrast,
the average geochemical composition of the La Chandeliére-1D and Chaleyriat-1 well samples (both located
along the Jura Mountain chain) shows a higher SiO content and in the latter a much higher Al,O3 content than
all the other wells. The different mineralogical compositions suggest varying distances from the sediment
sources. The higher SiO; and Al,O3 contents in the well samples from the proximity of the Jura Mountains (La
Chandeliére-1D and Chaleyriat-1 wells) indicates a higher supply of terrigenous material than that from the
central part of the basin. Thus, a closer sediment source at the time of deposition can be suggested for the related
area, which would agree with their marginal position. In the centre of the basin (location of the Humilly-2 and
Chapéry-1 wells), the facies of the Toarcian shales and their petrography are similar, indicating more uniform
depositional environmental conditions.

The paleogeography of the Swiss Plateau during the Early Jurassic is an important parameter for predicting and
understand the petrographic variation of the organic-rich shales of the Lias. Regional paleogeographic recon-
structions of the Early Jurassic (Figure 14) show that the most significant black shale deposits occurred in the
area of present-day Germany and France with a southward facies change from organic shale to shallower depos-
its. However, in the Swiss Plateau an organic-matter enrichment can be observed toward the south, probably as
a result of the basin deepening in this direction, permitting more favourable conditions for organic matter preser-
vation.

A balanced cross-section between the Mont-Blanc massifs and the Jura Mountains reveals a total crustal short-
ening of approximately 46 km along the cross-section (BELLAHSEN et al. 2014; lower part of Figure 14). The
reconstruction of the Upper Cretaceous cross-section is evidence of a great distance separating the Jurassic layers
of the La Chandeliére-1D, Humilly-2 and Faucigny-1 wells (lower part of Figure 14) and thus explains the facies
variation in the basin.
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Figure 12: Above: QEMSCAN images of the Humilly-2 well Toarcian cuttings from the
Chapéry-1, Humilly-2 and Faucigny-1 wells samples, showing minerals and textures
in false colours. The legend is shown in the lower right corner. Below: the modal
mineralogy chart of the analysed Lias shale samples from the Chaylerat-1 (CYT), La
Chandeliere-1D (LCD), Faucigny-1 (FAY) and Chapéry-1 (CHY) wells.

La Chandeliére-1 —
Chaleyriat-1 —
Faucigny-1 —
Chapéry-1 —
Humilly-2 —
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Figure 13: Average geochemical composition (in weight %) of the Lower Jurassic shales
from some wells of the studied area.
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Figure 14: Above: paleogeographic map of the Early Jurassic (after TRABUCHO-ALEXANDRE

et al. 2012) showing the estimated position of the present-day Swiss Plateau (red rec-
tangle).
Below: balanced cross-section from the Jura Mountains to Bornes and the southwest-
ern Mont Blanc massifs (after BELLAHSEN et al. 2014) showing the paleogeographic
position of the Jurassic layers represented by the La Chandeliere-1D, Humilly-2 and
Faucigny-1 well samples.

2.2.2. Organic geochemistry

a) Organic matter in the Toarcian shales

The organic matter content was characterized using the Rock-Eval pyrolysis on 47 samples of the Toarcian
shales. The Rock-Eval pyrolysis method consists of decomposing the organic matter by heating in the absence
of oxygen and then measuring the richness and maturity of potential source rocks. To display the results, we
produced a series of standard van Krevelen diagrams, which are used in the literature to characterize the type
and maturity of organic matter (ESPITALIE et al. 1985a, b; LANGFORD & BLANC-VALLERON 1990).

The amount of total organic carbon (TOC) was measured along the entire stratigraphic column of the Humilly-
2 well (Figure 15). In general, the amount of organic material is below 1%. The highest TOC amount was rec-
orded in the black shale interval of Toarcian age, with a maximum peak at 4.3%. High TOC values within the
Toarcian shales were measured also in the Chapéry-1 well (4.15%). In contrast, lower TOC values were deter-
mined in the well samples from the basin margins. In the Faucigny-1 well samples, a higher TOC amount (1.6%)
was observed in the Upper Lias section (neither drill cuttings nor cores of the Lower Lias are available from the
Faucigny-1 well), whereas lower values were measured in the Chaleyriat-1 well samples (Figure 15 and Figure
16). TOC data measured of the Lias unit through the analysed wells is presented in the Annex 1. Interpolation of
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the TOC values throughout the Geneva Basin region clearly shows this decreasing trend towards the basin mar-
gins (Figure 17). The trend may be related to a more favourable setting for anoxic conditions in the central
portion of the basin, which in transgressive periods was characterized by low sediment supply and restricted
circulation. On the other hand, the marginal areas had strong river and wave energy that favoured the formation
of oxidizing depositional environments in which organic matter cannot be easily preserved. Furthermore, the
proximity to the sediment sources caused dilution of the organic matter with terrigenous deposits, strongly re-
ducing the potential for forming rocks to generate hydrocarbons.

The Rock-Eval pyrolysis results can also be used as a proxy for the organic matter maturity. Rock-Eval analysis
was performed for the Lias and Permo-Carboniferous units, on the samples richest in organic matter (data in
Annex 1 and Annex 2). The graph of the hydrogen index (HI) vs. the temperature measured at the top of the
residual petroleum potential or S, peak (Tmax) is shown in Figure 18. It indicates that most of Toarcian shale in
the southwestern Molasse Basin reached the onset of the oil window but apparently it reached the sufficient
maturity to generate gas.

The most striking observation concerns the Tmax values reached by the shales from the Faucigny-1 well (Figure
18), because they indicate overmature thermal conditions. Thus, there is a large maturation gap between the
central part of the basin (beginning of the oil window) and the northern border (Faucigny-1 well). Given the
location of the Faucigny-1 well within the subalpine nappe and the depth of the Lias unit in this area (4 km), it
may be suggested that the tectonic subsidence resulting from the nappe stacking may account for this change in
thermal history. In order to corroborate the thermal maturity pointed out by Tmax, further analysis, as vitrinite
reflectance, is going to be performed (see next chapter).

A diagram of S, vs. TOC values is often used to describe the source-rock quality (Figure 19). The Rock-Eval
data from the Toarcian shales signify a good to very-good source-rock quality in the centre of the basin, where
the Humilly-2 and Chapéry-1 are located. In contrast, the Faucigny-1 well samples exhibit a fair to poor source-
rock quality (Figure 19), which is probably related to their over-mature thermal condition (i.e. most of the hy-
drocarbons probably had been generated and expelled much earlier).

a) Organic matter in the Permo-Carboniferous deposits

Using the Rock-Eval pyrolysis, the organic matter content in 11 Permo-Carboniferous samples was determined.
Coal beds sampled from the Charmont-1 and Chatillon-1D wells reveal a high amount of organic carbon. Car-
bonaceous shales from the Charmont-1 well contain more than 20% organic matter, and coal beds with a TOC
of 57.3% and 54.8% were found locally. In the Chatillon-1D well, a conglomerate, Carboniferous in age, con-
taines a thin bed of carbonaceous shale with a TOC of 8.24% (Figure 16).

Plotting the hydrogen index (HI) vs. the Tmax values indicates that the Permo-Carboniferous samples are mostly
composed of Type III (i.e. continental) organic matter (Figure 20). The Tmax values suggest oil-window thermal
conditions for most of the Permo-Carboniferous samples. However, the wide spectrum of maturity indicated by
Tmax €ven within the same well (Charmont-1) make the reliability of this thermal indicator doubtful. In this case,
further measument of vitrinite reflectance can be helpful for corroborating the thermal maturity data.

In the Humilly-2 well samples, there is a positive correlation between the TOC value and the uranium concen-
tration (Figure 21), although the uranium-bearing minerals were identified. This correlation is probably due to
the high content of uranium in the deposits rich in organic matter. Uranium content analytical data is presented
in the Annex 3.

—26 —



UNCONGAS — Final Report

S1/5001098-01

‘cpue
[ XoUuUuy Ul S}Iun SNOIJIUOqIe)-0ULId pue ser] oy 10j eje(q "Aydeidnens oy urgiim sjuswoInseawt (DO I,) uoqred oruesio 18303 (q) (9 2InS1,]) 108)U09 [eo1
-301003 pajosloxd oy pue uwnjoo orydersSnerns ay) Surmoys sjjom [-Audrone,] pue [-A1adey) ‘z-A[[runy ‘ [-juourrey)) ayj Su}0oUU0d UONd3s-ssox) (B) :G[ o3I

000s

une4

@ t.oaom E L M aleys yoeig m

L. HonelEsul
jeco ‘slesswolbuon | ———
DUCISHS PUB BIBYS

ws ;
ik apesawo|Buc Jo [@arel |

awphuuy [ snosouoqea-ouwod [

uRSpURSIUNg
JISSELL Jamo]

BN |BUISnY g
orsSeuL 8PP 000F

1ednay
oisseu) Jaddny

srssernr sanct I

seBBog
aisseint sIpPIN Q0sE

ssenp L.Ew_ﬁ
snasseiag samo [N
Bussog I

2982OW
BUBOOGIG

| 00sE

1
1
R

{}

il

Lewsieng

| 00S¢

¥l ¥o
% 0L

L-AubBianey |-Aigdeyd Z-Alnwiny L-luouwuey) 1-Aubioneq |-Kiadeyn Z-Awny L-luowieyd

_27—



UNCONGAS — Final Report S1/5001098-01
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Figure 16: (a) Cross-section connecting the Charmont-1, Chaleyriat-1, Chatillon-1D and La
Chandeliére-1D wells showing the stratigraphic column and the projected geological
contact. Legend of the stratigraphic units in Figure 15; (b) total organic carbon (TOC)
measurements within the stratigraphy.
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Figure 17: Interpolation of the average TOC values measured in the Toarcian black-shale

deposits.
600 .
T Lower Jurassic
ypell ;
Oll-prene ' ypto 800 O Humnilly-2
Marine ' : % =
500-| ‘ i 5 @ O Chapeiry
‘ & .
U] 0.6VR =% % Faucigny
435°CTmax i I
: £ O Chaleyriat
. 4004 ! s &
= = | 5 g
£ 2 e] .‘ 25
o B = Type IHIl =
82 12VR S  |oil&Gasprone’
= 465°C Tmax é 3007 5
o}
o
£
€ 2004
& Wet gas
35V 2 | otee | window
T " oH
1004 o
4 y Dry gas x xx
= window
n (@
400 420 440 460 480 500 520

Tmax (°C)

Figure 18: Hydrogen index (HI) vs. Tmax showing the type and the maturity of organic matter
contained within Toarcian shales (plot modified from ESPITALIE et al. 1985). Only
samples containing a TOC > 0.45 are plotted. On the left, colour legend and thermal
condition boundaries of the oil and gas windows; VR: vitrinite reflectance.
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Figure 19: Diagrams showing the predicted source-rock quality based on the S»/TOC ratio
(graph modified from PETERS & CASSA 1994).
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Figure 20: Diagram displaying the type and the maturity of organic matter contained in the
Permo-Carboniferous samples. Only samples containing a TOC > 0.45 are plotted
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Figure 21: Plot comparing the uranium content (in ppm) of the Lower Jurassic samples and
their respective TOC (in %.)

2.2.3. Brittleness index

The petrographic analyses of the Toarcian shales also included calculation of the brittleness index, an index
indicating the capacity of a rock to fail from loading (e.g. during stimulation). It should be noted that the brittle-
ness index is an empirical factor without a generally accepted physical interpretation. Underlying deformation
mechanisms (fracturing or cracking) and mode of deformation (pervasive distributed fracturing without locali-
zation of failure vs. the development of fractures with concomitant loss of load-bearing capacity) are subject to
a range of interpretations (e.g. PATERSON & TENG-FONG 2005). In this study we computed a brittleness index
from the mineralogical composition of the shales. The QEMSCAN analysis coupled with XRD analysis turned
out to be a very powerful tool. The brittleness index (BI) of the Toarcian shales according to WANG & GALE’s
formula (2003) tends to show a wide variability related to the petrography, and the calculation thus stresses the
importance of having accurate petrographic data.

' " BI _ Qz + Dol
Weng(3009) ~ Qz+ Dol + Ca + Cly + TOC
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.
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Figure 22: Brittleness index calculated for the Toarcian shales based on WANG & GALE’S
formula (2009), which consider the mineral percentage and the Total Organic Carbon
contained in the rock (Qz, quartz; Dol, dolomite; Ca, Calcium; Cly, Clays) and com-
parison with the Barnett shale data (modified from PEREZ & MARFURT 2013).

As mentioned before, WANG & GALE’s formula (2003) is one of many others proposed in the literature and may
not be the most appropriate for the western Molasse Basin. In Figure 22, Wang and Gale’s index is used to
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compare our data with those of the Barnett shale (grey background points), which is exploited for shale gas.
Mineral composition data and brittleness index of the Toarcian shales are presented in Annex 4.

2.24. Permeability

To define an unconventional petroleum play, one needs to identify a source rock as well as a reservoir and a seal.
Indeed, a shale formation may serve as a source rock and a reservoir at the same time. This is the case for shale
gas accumulation. In the present case, the lack of core plugs in the Toarcian shales (only drill cuttings) does not
allow the measurement of their petrophysical parameters.

A PhD thesis at UNIGE on the south-western Molasse Basin (RUSILLON 2017) characterizes petrophysical pa-
rameters of potential reservoirs at depth through the measurement of the porosity and the permeability of core
samples. Figure 23 shows porosity and permeability of the Tithonian and Kimmeridgian carbonate platforms
compared to the entire dataset of reservoirs at depth. A large variability of both the porosity and the permeability
values as well as the presence of tight reservoirs, characterized by a low permeability (<0.01 mD), can be recog-

nized.
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Figure 23: Porosity (%) and permeability graph (milli Darcy, mD) of the Tithonian and Kim-
meridgian carbonate platforms in the southwestern Molasse Basin (blue points). These
data are compared with the compilation of the complete set of porosity and permea-
bility data from the southwestern Molasse Basin (grey points). Modified from RUSIL-
LON (2017).
2.3. Conclusions and perspectives

Comprehensive analytical measurements in 2015 yielded several preliminary conclusions and established the
basis for the work carried out during the 2016/2017 period.

° Source-rock identification:

- Two potential source rocks are confirmed in the south-western Molasse Basin: (1) coal beds
embedded in Permo-Carboniferous sandstone and (2) Toarcian conglomerate and grey to black
shales.

- Permo-Carboniferous coal beds show very high degrees of TOC, locally up to 54%.

- Toarcian shales show a high TOC, particularly in the centre of the basin, where it reaches 4%
in the Humilly-2 and Chapéry-1 well samples.

- Occurrence of deeper source rocks in the Permo-Carboniferous graben (e.g. Autunian Lower
Permian organic-rich lacustrine deposits) is not confirmed at this stage of research.
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. Source-rock maturity:

- The Permo-Carboniferous coal beds in the Jura Mountains have reached the oil (Charmont-1
and Chatillon-1D) and gas (Chaleyriat-1) windows. However, there is no such evidence from
the centre of the basin because of the lack of data.

- Toarcian shales have reached the oil window in the centre of the basin (according to Humilly-
2 and Chapéry-1 well data) and have exceeded the gas window near the Alpine front thrust
(Faucigny-1 well data).

. Source-rock petrography and geochemistry:

- The terrigeneous fraction of the Toarcian shales mostly comprises clays (illite>chlorite>kao-
linite), calcite and quartz.

- Associated with the high content of organic matter in these deposits is an enrichment in phos-
phate as well as incompatible and metallic components (U, Mo, Cu, Zn, Cd, V among others).

In terms of unconventional petroleum geology, the Toarcian shale source rock in the centre of the basin is rich
enough in TOC to generate hydrocarbons. According to their maturation values, the hydrocarbon most likely
generated is oil. Bitumen deposits identified in the Molasse and Urgonian rocks near the ground surface of the
Geneva area (Roulavaz Valley and Gex wells) may be the result of such oil generation and subsequent migration.
Biomarker analyses of these samples were performed in the next phase of this project in order to correlate the
potential source with the near-surface manifestation. Regarding the Permo-Carboniferous coal beds, further anal-
yses are still necessary to determine whether they activated a petroleum system generating hydrocarbons in the
Geneva Basin.

Further potential areas of research are the following:

. analysis of seismic profiles and wells to build a geological model of specific stratigraphic units that
host potential unconventional petroleum systems

. sampling other wells (e.g. in the Canton of Vaud) to perform the same analytical workflow as was
done for the Humilly-2 well samples

. determining the porosity of the Posidonia shales, which are considered as a potential unconventional
reservoir

. production of petroleum play maps that contain keys elements on the generation of hydrocarbons.
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3. UNCONGAS Part 2 (2016-2017)
Seismic and geochemical surveys

3.1. Summary of part 1 and objectives

In Part 1 of the UNCONGAS project, the unconventional hydrocarbon potential of the deep underground in the
Greater Geneva Basin (GGB) was characterized. Past studies point to a thick sedimentary succession comprising
several source rocks potentially mature enough to generate oil and gas (LEU & GAUTSCHI, 2014), as modelled
for the case in the Canton of Vaud (SCHEGG et al. 1999).

Our study confirms the occurrence of two source rocks in the GGB, represented from the bottom to the top by
(1) the sensu lato Permo-Carboniferous continental organic matter (contained in coal beds and carbonaceous
shales) and (2) the Upper Lias Posidonia shales (Toarcian in age) composed of black to dark grey shales and
siltstones. Their organic geochemistry (Figure 24) suggests that both source rocks have already entered the oil
window (i.e. potentially generating hydrocarbons at depth) and to some degree the gas window, such as in the
cases of the Posidonia shale from the Faucigny-1 well (Bornes Plateau) and the Carboniferous coal beds in the
Jura Mountains (Chaleyriat-1 well).
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Figure 24: Plot of HI vs. Tmax outlining kerogen types and source-rock maturity of the two
main source rocks below the Greater Geneva Basin. Only the samples richest in or-
ganic matter (TOC >0.45%) are plotted. Graph modified from ESPITALIE et al. (1986).
On the left, colour legend and thermal condition boundaries of the oil and gas win-
dows; VR: vitrinite reflectance.

The petrography of the Upper Lias Posidonia shale (combined with inorganic geochemistry data) shows that in
the centre of the basin (i.e. along a Humilly-Chapéry axis), the shales mostly comprise clays (illite>chlorite>ka-
olinite in proportion), calcite and quartz, correlated with an enrichment in phosphate as well as incompatible and
metallic components (U, Mo, Cu, Zn, Cd, V among others). Our data reveal that the petrography varies signifi-
cantly between the Upper Lias in the Jura Mountains and the Upper Lias in the centre of the basin (Figure 25).
It seems intuitive that such a change is linked to the different paleogeographic domains recorded by these rocks.
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Figure 25: QEMSCAN images of the principal lithology of the Upper Lias samples (Toar-

cian; Posidonia shale) throughout the basin. A significant facies change is associated
with the different paleogeographic domains represented by these samples. QEM-
SCAN legend in Figure 7.

Part 1 of the UNCONGAS project concludes that the Posidonia shale source rock (Toarcian) in the centre of the
basin is rich enough in organic matter to generate hydrocarbons, and its maturity specifically indicates heavy oil.
Therefore, we assume that the heavy oil may be the precursor to the bitumen seeps identified near and at the
ground surface. Interpretation of the Permo-Carboniferous potential is more difficult, because of the sparse data
available throughout the basin.

The objectives of Part 2 of this project are described below:

Seismic facies analysis, seismic interpretation of deep intervals and well-log correlation to recon-
struct the geometries of the basin infill

Improving the kerogen typing and thermal maturity of the potential source rocks to identify their
hydrocarbon potential
Organic geochemistry of biomarkers of both source rocks and superficial oil and gas seeps to get
insight into their origin

In the previous chapter thermal maturity was determined only by Rock-Eval (Tmax), allowingy a first
approximation. In this chapter vitrinite reflectance was additionally measured to improve the reliability of the
data. The Rock-Eval data are an input to the interpretation of the kerogen typing. The results presented in this
section are published in DO COUTO et al. (2021).
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3.2. Seismic interpretation

2D seismic profiles provided by NAGRA and SEAG via swisstopo (Figure 26), combined with well data, were
used to map the spatial distribution and thickness of the potential source rocks and reservoirs.

2D seismic lines provided in 2015

2D seismic lines previously gathered from 2014

2D seismic lines unavailable

Wells provided in 2015

Wells gathered in the French-Geneva area from 2014

2640000 2720000

Figure 26: Location map of the 2D seismic profiles received in 2015 and the seismic data
gathered over many years at the University of Geneva. Red dots represent the wells
received in 2015 and provided by swisstopo.

The main stratigraphic intervals (Table 4) used in the GeoMol project (Landesgeologie 2017) were mapped
throughout the Swiss Plateau according to the GeoMol interpretation. In addition to these horizons, two new
horizons corresponding to the top and the base of the Posidonia shale (black shales) were mapped where detect-
able. The seismic interpretation and horizon mapping were then used to determine the spatial distribution and
the thickness of the potential source rocks and reservoirs. These results were used to model (BPSM, see chapter
4) the generation and migration of hydrocarbons.

The seismic interpretation and mapping of horizons process involved several steps:

e homogenization of the well tops provided by swisstopo and cantons from Western Switzerland to
standardize the regional stratigraphy and to avoid local heterogeneities and discrepancies of basin-
wide data (Figure 27 and Table 5)

e check of seismic polarity and vertical miss-ties among all seismic sections with diverse datum ele-
vations

e interpretation and interpolation of the main stratigraphic horizons (Figure 27 and Figure 29)

e structural interpretation throughout the basin

e computing horizon corrections (using the constant shift + exact fit correction method of King-
domSuite®) to avoid missing-ties at the intersections of seismic profiles

e creation of interval velocity grids and TWT- grids (Figure 29)
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Table 4: Interpreted main stratigraphic intervals beneath the Swiss Plateau and their respective colours.

Colour Unit Abbreviation
Base Cenozoic B Cen
_ Top Upper Malm T UMa
_ Top Lower Malm T LMa
_ Top Dogger T Dog
I oo Liss T Li
_ Top Keuper T Keu
_ Top Muschelkalk T Mus
_ Base Mesozoic B Mes
_ Base Permo Carboniferous B _PCarb
fosel 0 5000 ) 10000 ) . 15000 18801

0.4007
0.300 |

-0.2007 Hu r_nille[-Z
0100 projected

0.000
0.100
0200 ]
0.300
0.400
0.500

06001
0700
0.500
0900
1.000 }
11004
1200
1300 §
1400+
1500
1600

1700
1800 |
1,900+
2,000

B

S Loee ¥ =
&7 T_Dog & T _Mus
fé T f% B Mes
ﬁ T Keu ﬂ B PCarb

fiﬁé Unassigned fault
-~ Wrench-fault

Figure 27: Seismic section 88SVOO07, located near the border between France and Switzer-
land, showing the interpreted main stratigraphic horizons as well as the structural in-
terpretation.

One of the most promising source rocks beneath the Swiss Plateau is the Posidonia shale, which was deposited
at the base of the Toarcian during an anoxic event and is recorded throughout the peri-Tethys realm (Monte-
Serrano et al., 2015 and references therein). The horizons Top Lias (Lower Jurassic) and Top Keuper (Upper
Trias) were mapped in order to appreciate the thickness of the Lower Jurassic and to understand the geometry
and distribution of the Posidonia shale at depth (Figure 28). Liassic sediments are thickest towards the southwest,
where they reach 442.5 m in the Humilly-2 well (193 ms two-way travel-time or TWT), and they thin towards
the N and NE to reach only a few meters in in the Altishofen-1well.
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Table 5: Example of the formation top harmonization from swisstopo for the Altishofen-1

well data.

Well Received well tops New well tops

Altishofen-1 BANDO Not suitable
BLias Top Trias
BOpa Top Lias
BQuaternary Base Quat
BTertiary Base Cenozoic
BUSM Base Cenozoic
BasisLias Top Trias
BasisMalm Top Dogger
BasisMMK Top Lower Muschelkalk
BasisOPA Top Lias
BasisQua Base Quat
BasisTertidr Base Ceno
Bathonien Top Bathonian
BCen Base Cenozoic
Friither Jura Top Lias
Keuper Top Keuper
Mittlerer Jura Top Dogger
Muschelkalk Top Muschelkalk
OMM Top UMM
Rhit Top Rhaetien
Spéter Jura Top Malm
TOpa Top Opalinus
TUBM Top Alpine LFM
TUSM Top LFM
TAnhy Top Mid Musch Anhy
TBr Top Bed Rock
TD Total Depth
TDo Top Dogger
TKeu Top Keuper
TLi Top Lias
TLMa Top Lower Malm
TMus Top Muschelkalk
TOMM Top UMM
TopChattian Top Chattian
TopMalmA Top Malm
TopMK Top Muschelkalk
TopMMK Top Mid Muschelkalk
TopMurchisonae Not suitable
TopMuschelkalk Top Muschelkalk
TopOPA Top Opalinus
TopUSM Top LFM
TOpa Top Opalinus
TopFels Top Bed Rock
TUMa Top Upper Malm
TUSM Top LFM
USM Top LFM
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Figure 28: Above: 2D maps of the Top Lias and Top Keuper seismic horizons (left) and their respective

grids (right). Below: Isochron thickness map of the Lias with an equidistance of the vertical thickness

contours at 0.1 s TWT.
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3.2.1. Identification of Permo-Carboniferous troughs

In order to understand the distribution of the Permo-Carboniferous rocks, the deepest seismic reflectors particu-
larly in the southwestern Molasse Basin, were mapped. Until now, no such information has been available. The
calculation of seismic attributes such as the pseudo-relief (KingdomSuite®) or the variance (Schlumberger Petrel
®) help to resolve geometries and facies changes of deeply buried units and to recognize deep Permo-Carbonif-
erous troughs (Figure 29).

The identification and mapping of Permo-Carboniferous troughs is still ongoing. The amount of gas that can be
generated in the Swiss Plateau depends strongly to the volume of carbonaceous shale and coal rocks constituting
the stratigraphic record. Thus, this step is crucial in performing accurate BPSM and reconstructing the petroleum
history of the basin.
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Figure 29: Interpreted seismic profile in time (9006-PSTM, south of Geneva) showing the
main stratigraphic horizons and the identified Permo-Carboniferous trough. (a): clas-
sical brown to red palette showing the seismic amplitudes changes; (b): Pseudo-Relief
display (KingdomSuite®) enhancing the amplitude variations by combining the RMS
amplitude of the seismic signal and the reverse Hilbert transform. Note the difference
in seismic facies between the Permo-Carboniferous trough (PC) and the crystalline
basement (CB)

Parallel to seismic mapping of the main stratigraphic horizons, a well-correlation analysis was performed, fo-
cusing particularly on the wireline-log response to the occurrence of black shales. In the Humilly-2 and Chapéry-
1 wells, located in the French part of the southwestern Molasse Basin, the Posidonia black shale is easily identi-
fiable by its high natural radioactivity and sonic (acoustic) values (Figure 30 and Figure 31). This can be ex-
plained by the large amount of clays rich in radioactive elements such as potassium and uranium (see Part 1).
Such observations are not apparent in Faucigny-1 well data, perhaps because of the more intense maturation of
the Posidonia shale from this well (Figure 24).
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Figure 31: Well-section flattened at the top of the Lias, comparing — from left to right - the
Eclépens-1, Essertines-1 and Romanens-1 well data from the Cantons of Vaud and
Fribourg. Radioactivity (gamma rays GR), caliper (CALI, CLI), density (RHOB and
DRHO), neutrons (NPH), spontaneous potential (SP), resistivity (ILC, RESLL, ILD,
LLD, 18LL) and the acoustic sonic log (DT, DTEd) are plotted to illustrate the signal

of the Posidonia black shales.
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Based on the same approach, we extended our well-log analysis towards the Cantons of Vaud and Fribourg,
where the thickness of the Lias units decreases progressively (Figure 30). In Eclépens-1, an interval between ca.
1710 and 1720 m MD is characterized by high radioactive and sonic values (Figure 31), similar to those observed
near Geneva in the Humilly-2 data (Figure 30). However, the well log does not indicate a specific black or dark-
grey shale layer at this interval and thus makes resampling of cuttings crucial to resolve this question. Black to
dark-grey marls and limestones are documented in the Essertines-1 data between 1960 and 1990 m MD, and a
“black shale signal” similar to the one in the Humilly-2 data is apparent from 1975 to 1983 m MD (Figure 31).
In the Romanens-1 data, sparse occurrences of black to dark-grey marls and shales are visible between 3865 and
3986 m MD. However, it is rather difficult to delimit an interval based on high gamma-ray values and where no
sonic log is available (Figure 31). Nevertheless, an interval between 3867 and 3875 m MD contains two thin
layers with high gamma-ray signatures that may signify the occurrence of black Posidonia shales (Figure 31). In
the case of the Eclépens-1 well data, a resampling of the cuttings is essential.

3.2.2. Seismic facies analysis

The mapping of seismic facies is an important step, so that the seismic character of the Lias containing the black
shale (Posidonia) can be identified and followed across the basin to areas with no well information. In addition,
seismic facies identification is a key parameter in making inferences on the paleoenvironment, understanding
where the Posidonia black shales were deposited and linking to the paleogeography.

The seismic facies of the Lias interval is not homogeneous on a regional scale. South of Geneva, the seismic
profile 88SVOO07 intersecting the Humilly-2 well shows two different seismic facies (Figure 32):

. An upper seismic package comprising relatively continuous, moderate to high frequency, low am-
plitude reflections correlated with marls and shales, as established from the cutting description (yel-
low layer in Figure 32)

. A lower seismic package composed of continuous, low to moderate frequency, moderate amplitude
reflections correlated with the shaly limestones of the Humilly-2 well (red layer).
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Figure 32: (a) Seismic facies of the Mesozoic stratigraphic section along the seismic profile
88SVO07 compared with the Humilly-2 well log between 1937 and 2548 meters (b).
For legend of the Humilly-2 log see Figure 15. In the seismic profile the Lias unit is
highlighted, including the black shales (yellow) and Sinemurian - Rhaetian shaly
limestones (red).
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Several seismic facies were identified during the analysis (Figure 33). Three lithological assemblages belonging
to the Lias were encountered in the Eclépens-1 well (Figure 33). They constitute, from top to bottom, (1) very
thin clay and marl layers, (2) marly sandstones and (3) layers of clay, marl and shaly limestone. The latter two
are shown in Figure 33 (green and purple, respectively) and are correlated with the two seismic facies in seismic
profile 79SADH26, which was acquired near the Eclépens-1 well.

The seismic facies are rather difficult to extrapolate because of discrepancies in the seismic signal throughout
the whole basin, as pointed out by SOMMARUGA et al. (2012). Nevertheless, the geochemical and petrographic
analyses of the Upper Lias layers combined with the identification of seismic facies gives important insights on
the basin-wide facies distribution and hence strongly contributes to the unconventional petroleum assessment.
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Figure 33: Seismic facies of the Lias section in three seismic profiles from the Canton of
Vaud. Two sub-sections comprising shaly sandstone (located below the Top Lias hori-
zon) overlying marls, clays and limestone are correlated with the Eclépens-1 well data.
The overall thickness of the Lias section decreases towards the NE (black arrows).

3.2.3. Seismic mapping

Seismic interpretation and mapping depend on the quality of primary data acquisition as well as on the continu-
ously evolving technological, scientific and analytical advances. Therefore, structural and stratigraphic analyses
are updated on a continuous basis and reflect the current state-of-the-art. At this stage of the project, most of the
main stratigraphic intervals important for BPSM was mapped in the region from the Canton of Geneva to Bern,
where the Lias unit (including the Posidonia shale) is thicker. However, the structural analysis remains an im-
portant topic to be developed in collaboration with cantonal geological surveys. Our partners analyse subsurface
data in the framework of swisstopo’s GeoMol project (Landesgeologie, 2017) and additional studies (Musée
cantonal de Géologie de Lausanne, Université de Fribourg). The structural analysis is crucial especially with
regard to the 2D and 3D BPSM, which enables the simulation of hydrocarbon migration paths along permeability
zones. Special attention was paid in distinguishing the horizons Top Lias and Top Keuper, in order to characterize
the geometry and spatial variations of the entire Lias stratigraphic record. Before the gridding process, the verti-
cal position of the Top Lias horizon was corrected (mis-tie analysis) using an algorithm of the KingdomSuite®
software suite (Figure 34). First, we applied a vertical constant shift to the horizon along selected surveys to
produce minimal travel time differences at survey line intersections.
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Near top Liassic
(from Sommaruga et al., 2012)

Figure 34: Time-depth map of the Top Lias horizon from this study (a) compared to the Top
Lias horizon of the Seismic Atlas of the Swiss Molasse Basin (SOMMARUGA et al.
2012) (b).

We then applied an exact fit correction that computed the average of the two horizon values at each intersection.
Both horizons were set to that value, with the correction tapering to zero at a specified distance from the inter-
section.

In order to perform such a correction, and thus avoid potential artefacts such as discontinuous steps, we chose
the seismic profile 73-VD-07 from the Canton of Vaud (tied to the Essertines-1 well) as the reference survey for
the mis-tie analysis.

Flex Gridding, a default gridding process of the IHS Kingdom® Suite, was then used to compute a time map of
the Top Lias horizon (TWT) by basically combining “minimum tension” and “minimum curvature” geostatistical
calculation methods. On a large scale, the resulting TWT map of the Top Lias horizon is similar to the one
created by Sommaruga et al. (2012), in which the horizon dips S to SE (Figure 34). However, on a small scale,
some discrepancies between the two maps are visible (Figure 34). These discrepancies are most probably due to
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(1) our improved stratigraphic interpretations, e.g. between Geneva and Lausanne, whereby a rapid correlation
with the seismic results was done in collaboration with the Musée cantonal de Géologie de Lausanne, and (2)
the different interpolation process used by SOMMARUGA et al. (2012), which featured a spline interpolation (pol-
ynomial law) with the flex gridding.

3.3. Source-rock characterization

3.3.1. Kerogen typing

Hydrogen (HI) and oxygen indices (OI) of the Posidonia shale suggest marine type II and a mixture of ma-
rine/continental type II+III organic matter (Figure 35). Rock-Eval analyses of the GGB and surroundings indicate
that the Lower Jurassic rocks (including the Posidonia shale) have a highly variable HI (Figure 35). The samples
with the highest HI correspond to those richest in TOC, signifying a very high hydrocarbon potential. Lower
values of HI and TOC may be associated with a reduction of the oil-potential properties of the organic matter
(from a type II to a type III kerogen) or with a maturation trend and a loss of hydrogen with depth during the
generation of hydrocarbons (ESPITALIE 1985, DOLSON 2016).

With exception of the Humilly-2 samples, most of the Toarcian deposits show a mixture of marine type Il and
continental type 11l organic matter (Figure 35). Analysis of the organic matter content permitted the depositional
environment to be determined by recognizing the different maceral components of the organic matter. In the
Humilly-2 samples, terrestrial and lacustrine macerals were identified (Figure 36), indicating a marginal wet-
land depositional environment, confirming Rock-Eval data.
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Figure 35: Pseudo van-Krevelen diagram (modified from ESPITALIE et al. 1986) showing
hydrogen index vs. oxygen index of the Lower Jurassic samples (containing also the
Toarcian and the Posidonia shales deposits) from the Greater Geneva Basin (Rock-
Eval data in annex). These data are compared with Lower and Middle Jurassic data
from other regions in Europe.
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Figure 36: In (a) and (b): optical microscopy, photomicrographs taken under fluorescence
mode (image width: 200 pm). The following lacustrine macerals are recognized: telal-
ginite, lamalginite and sporinite, recovered at a depth of 2238 m MD in the Humilly-
2 well. In (¢): statistical measurements of vitrinite reflectance of the HU2-2238 sam-
ple.

The acquired Rock-Eval data are comparable with those from the same formation in southwestern Germany, The
United Kingdom, The Netherlands (SONG et al. 2015), the Swiss Jura Mountains (MONTE-SERRANO et al. 2015)
and even the Lias-Dogger of the western Alps (DEVILLE & SASSI 2006).

3.3.2. Thermal maturity

In this stage, in order to constrain the thermal maturity of the potential source rocks, further analyses than Rock-
Eval (Tmax) were carried out. Vitrinite reflectance is typically used in the petroleum industry as a thermal ma-
turity indicator (the higher the temperature the rock has reached, the higher is the amount of reflected light).
Vitrinite reflectance was measured in the two source rocks (Table 6). Most of the measurements reveal that the
Upper Lias Posidonia shale is in the oil window (according to TISSOT & WELTE 1984) (Figure 36). In the
Chapéry-1 samples, vitrinite reflectance measurements yield 0.72 to 0.77 Ro% (Table 6). No vitrinite was en-
countered in the Posidonia shale from the Faucigny-1 well, only bitumen (i.e. solid hydrocarbons of organic
origin). Bitumen reflectance measured on three samples yield a vitrinite reflectance equivalent of 2.21 to 2.41
Ro%, according to LANDIS & CASTANO (1994) and SCHOENHERR et al. (2007). Such values indicate that the
Posidonia shale from the Faucigny-1 well is in the gas window (dry gas according to TISSOT & WELTE 1984).
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The major difference in the vitrinite reflectance between the Molasse Basin (Humilly-2 and Chapéry-1 wells)
and the Bornes plateau (Faucigny-1 well) is most likely due to the contrasting tectonic histories of these two
basins.

Table 6: Vitrinite reflectance (%Ro) results of the Liassic and Carboniferous sections in the
studied wells. Only samples with a large amount of organic matter could be measured.
The deviation standard (s) of the average value obtained for each sample and the
number of vitrinite particles measured are indicated. *: vitrinite reflectance ranges
calculated from bitumen (RB) reflectance according to Landis & Castario (1995) and
Schoenherr et al. (2007).

Well Samole TOC Tmax %Ro s RB Number of
P (%) (°C) (%) (%)  particles
HU2 -2232 1.56 438 0.72 0.05 - 13
. HU2 - 2236 1.53 441 0.74 0.06 - 14
Humilly-2 HU2 - 2238 4.32 443 0.74 006 - 31
HU2 - 2240 4.29 441 0.74 0.07 - 33
CHY - 3669 3.52 446 0.76 0.06 - 9
& | Chapeiry-1 CHY -3720.9  1.39 410 0.77 0.04 - 13
= CHY - 3722.7 3.29 442 0.72 0.04 - 13
FAY -4020 1.03 527 2.21- 0.14 2.07 22
2.28%*
. FAY -4026 1.59 527 2.35- 0.10 2.22 39
Faucigny-1 241%
FAY -4027 1.56 515 2.22- 0.12 2.09 47
2.29%
Humilly-2 HU2 -3039.8  1.12 449 1.14 0.07 50
2 CHT - 1892 31.81 433 0.60 0.03 - 100
E, Charmont-1 CHT - 1894 5485 435 0.64 002 - 100
E CHT-21085  57.33 450 079 003 - 100
=
= . CTL1D - 824 444 0.76 0.03 - 100
= i}
S Chatillon-1D 1578.5
La Chandeliére-1D  LCD-1553.2  n/a n/a 0.75 0.04 - 16
3.4. Source-to-oil correlations

Biological markers (also called biomarkers) are complex molecular “fossils” that can be measured in both crude
oil and extracted hydrocarbons (PETERS et al., 2005a). Nowadays they are frequently used by geologists as a
robust method for correlating the source rock with their expelled hydrocarbons (PETERS et al., 2005a, 2005b and
references therein). The use of organic geochemistry and biomarker analysis has become an important tool in
the petroleum geology industry. In collaboration with RWTH Aachen and the German Bundesanstalt fiir Ge-
owissenschaften und Rohstoffe BGR in Hannover, we performed organic geochemical analysis of the saturated
hydrocarbons on 12 samples, including Upper Lias shales and Carboniferous coals of the GGB. Ratios of differ-
ent biomarkers were calculated and used to interpret the depositional environment and the thermal maturity. The
Posidonia shale samples (from Humilly-2 and Chapéry-1 wells) exhibit a dominance of short chain n-alkanes
(nC14-C19) relative to long chain n-alkanes (nC27-C31), as shown in Figure 37a. Such patterns of n-alkanes
reveal a typical algal/phytoplankton-derived organic matter (PETERS et al. 2005b), that confirms the marine type
of organic matter suggested by the Rock-Eval pyrolysis. Similar gas chromatogram patterns were found in other
Posidonia shale samples in Switzerland (ELIE & MAZUREK 2008). In contrast, Carboniferous coal samples show
a dominance of medium-to-long chain n-alkanes (nC20-C27) relative to short chain n-alkanes (nC12-C17), as
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shown in Figure 37b. This n-alkanes pattern unveils a typical continental/humic-derived organic matter (PETERS

et al. 2005a), in agreement with the Rock-Eval pyrolysis results (Figure 35).

350

Humilly-2 Toarcian o

300
250
2003
150

Relative abundance

1003
503

0]

HU2 - 2238

600_
5001
4003
3ooé

200

Relative abundance

100

] Charmont-1 Carboniferous coal

CHT- 1894

L%

e

25 Td0 T T3
Time (min)

Figure 37: Typical aliphatic fraction total ion chromatogram for (A) Posidonia shale from the
Humilly-2 well (Toarcian) and (B) Carboniferous coal of the Jura Mountains from the

Charmont-1 well.

Additionally, low Pristane/Phytane ratios of the Posidonia shale from the Humilly-2 and Chapéry-1 wells
(0.87<Pr/Ph<2.06; mean value at 1.51), as well as the Pr/nC17 and Ph/nC18 ratios (Figure 38), point to an early
mature organic matter (PETERS et al. 2005b), (confirming the vitrinite reflectance data) that was deposited under
reducing to anoxic conditions (PETERS et al. 2005b). In contrast, high Pristane/Phytane ratios of the Carbonifer-
ous coals from the Jura Mountains (average Pr/Ph=5.23) confirm oxic conditions during deposition and hence a
continental origin of the organic matter, as well as an early maturity (PETERS et al. 2005b) (Figure 38). Geo-
chemical data used to reconstruct the plots in Figure 38 and 39 are presented in Annex 5.

Relative distributions of C27, C28 and C29 steranes plotted on a ternary diagram are a proxy used in petroleum
geology to differentiate depositional environments of crude oil and source rocks (PETERS et al., 2005b). The
relative abundance of C27, C28 and C29 regular steranes of the Lias indicates a phytoplanktonic/open marine
source of the organic matter (Figure 39). The regular sterane abundance of the Carboniferous signifies, in turn,
a terrigeneous/coastal source of organic matter (Figure 39). The regular sterane abundance of crude oil sampled
near Geneva in the Allondon River (bitumen seep oozing in the Freshwater Molasse) denotes a source rock
formed by phytoplanktonic/open marine organic matter (Figure 39). Such results suggest for the first time that
the source of the bitumen at depth could be the marine organic matter contained in the Posidonia shale, currently
mature enough to generate oil (Figure 35). In order to validate this interpretation, further analyses need to be
performed on a larger number of bitumen samples.
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Figure 38: Biomarker diagram showing the ratio between Pr/nC17 vs. Ph/nC18 for selected
Liassic and Carboniferous samples. Pr, pristine; Ph, phytane; n, straight chain alkanes.
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Figure 39: 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 Allondon stream indicates a
marine origin, equivalent to the composition of the Lower Jurassic samples
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3.5.

In April 2016, a shallow well drilled in the Molasse near Geneva (at Satigny: LVO03 - 2'491'332.384, WGS84 -
1'119'345.871, 46° 13” 00.36°°N; 6° 01° 49.29°’E) encountered a bitumen and gas pocket at a depth of ca. 70 m.
Using a syringe, two gas samples (SAT1 and SAT2) were collected from the well head at few minutes of interval,
at near atmospheric pressure and injected into a 20 mL headspace vial with a septum-lined crimp cap and filled
with helium.

Gas seeps

The gas composition (Annex 6) was obtained using a Refinery Gas Analyzer (at BGR, Hannover, Germany).
This instrument is a modified gas chromatograph designed for the determination of the molecular gas composi-
tion of light-volatile hydrocarbons (methane to hexane) and permanent gases (helium, hydrogen, oxygen, nitro-
gen, carbon monoxide and carbon dioxide). In addition, stable isotope ratios of carbon and hydrogen were meas-
ured using a mass spectrometer. Interpreting the measured composition of the gas may lead to indications of the
gas origin (biogenic/thermogenic) and the type and maturity of the related source rock. However, it must be
pointed out that interpretations based on a single sample should be taken with caution, especially in the case of
gas sampled at low depth, where degradation is frequent. In order to compete and validate the first hypotheses
presented in this phase, a more exhaustive sampling campaign is necessary.

The gas composition of the sample from Satigny indicates that the gas is most likely a mixture of thermogenic
and microbial methane (Figure 40). The isotopic composition of thermogenic gas is influenced by precursor
organic matter (kerogen type) and thermal maturity. By plotting the stable isotopic carbon and hydrogen com-
position of methane, it appears that the thermogenic gas most likely originates from an early mature source rock
(WHITICAR et al. 1986, WHITICAR 1999, Figure 40).
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Figure 40: Carbon isotope composition of the gas sampled at Satigny-1 well showing a) bio-
genic and thermogenic mixing sources that indicate b) an early mature source rock
(modified from WHITICAR 1999).

In the literature, an equivalent composition with high isobutane to n-butane ratios (>1) are reported for early
mature oil associated with gas from type III (continental) kerogen (CONNAN & CASSOU 1980). However, the low
8'3C value in the methane could also indicate an early thermogenic origin from type II (marine) kerogen, but
such a hypothesis cannot explain the “dryness” (low abundance of C2+ hydrocarbons) of the gas. Without addi-
tional gas samples and measurements from the basin, it is premature at this stage to conclude whether a mature
type II or an early mature type III kerogen is generating the gas. More gas samples from the Molasse Basin will
be collected in future campaigns to elucidate the origin of the gas seeps.

The relationship between the stable carbon isotope compositions of ethane and propane can be used to estimate
the thermal maturity at which gas was generated, depending on the organic matter precursor. For marine type II
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kerogen, the maturity correlation was calculated according to FABER et al. (2015), assuming a 8'3C precursor of
-30%o (blue line in Figure 41). Such a calculation shows that type Il organic matter may be the precursor of the
gas sampled at Satigny-1, if its maturity corresponds to a vitrinite reflectance of about 2.2 to 2.4 Ro%. In the
same way, the maturity correlation for terrigenous type III kerogen was calculated according to BERNER & FABER
(1996). The result signifies that a type III organic matter can generate such a gas with a maturity of 0.9 to 1.1
R0% (red line in Figure 41).

As a preliminary conclusion, it can be stated that the gas geochemistry and isotopic composition indicate a mix-
ture of thermogenic and biogenic origins of the gas from the Molasse Basin. Because of the limited number of
available samples, it is not yet possible to predict the precursor of this gas (type of organic matter). A much
larger sampling of the numerous hydrocarbon seeps is required to further constrain the precursor of such gases.
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Figure 41: Relationship between stable carbon isotope compositions of ethane and propane
to estimate thermal maturity at which gas was generated. Maturity correlation for ma-
rine type 1I kerogen (blue line) is from Faber et al. (2015), assuming precursor §'3C
of -27%o. Maturity correlation for terrigenous type III kerogen (red line) is from
BERNER & FABER (1996) (red line), assuming precursor §'3C of -23%o. Satigny-1 data
is plotted in yellow.
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Figure 42: Location of the Wilen and Giswil gas seeps in a NNW-SSE geological cross-
section through the Swiss Alps (from ETIOPE et al. 2010).

—51 -



UNCONGAS - Final Report

S$1/5001098-01

To better understand the data from the Satigny-1 well, a first screening of the literature on the gas seeps in the
Swiss Molasse area was performed. Unfortunately, only a few publications exist, despite the large number of oil
and gas seeps reaching the surface (LEU 2012). Carbon isotopic composition of natural gas (measured from the
surface, tunnels, cores and boreholes) has been reported by GREBER et al. (1995). These authors note the occur-
rence of thermogenic and biogenic gases throughout the Swiss Plateau but do not provide their location. In the
Northern Alps, two gas seeps near Giswil and Wilen (Canton of Obwald) have been investigated recently (Figure
42). The results indicate that the gas is thermogenic and show some evidence of slight subsurface petroleum

biodegradation (WYsS 2001, ETIOPE et al. 2010).

A marine type Il kerogen, with a maturity of 1.4 to 1.7 Ro%, has been postulated as the source rock in this region
(Figure 43, WYSS 2001, ETIOPE et al. 2010). From this point of view, two potential source rocks are mentioned:
(1) the shallow Schlieren flysch (Paleocene-Eocene) or underlying “Wildflysch” and (2) deeper Mesozoic au-
tochthonous sediments (WYSS 2001). Such a conclusion is based on the carbon isotopic compositions of methane
and ethane in the Giswil and Wilen samples, which nearly match the empiric law of BERNER & FABER (1996)
for marine type Il organic matter (Figure 43). The analysis also indicates a maturity of 1.7 to 1.8 Ro% (type 11
after FABER et al. 2015, Figure 43), which is slightly higher than that postulated by WYSS (2001) (1.4-1.6 %Ro).
However, the very low propane (C3Hs) content in the Giswil sample makes the measurement of its isotopic
composition difficult (ETIOPE et al. 2010) and thus creates uncertainties in the interpretation of organic matter
precursors. ETIOPE et al. (2010) proposes that the lack of propane may be due to hydrocarbon degradation.
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Figure 43: (a) Comparison of the carbon isotope composition of the gas seeps at Satigny,
Giswil and Wilen. (b) relationship between carbon isotopic compositions of methane
and ethane in the Giswil and Wilen gas samples. The vitrinite reflectance / isotope
composition line (maturation line) was obtained using the calibration data for type II
source rocks from BERNER & FABER (1996), as interpreted by WYsS (2001). Modified
from DO COUTO et al. (2021).

In general, we can assess that without (1) more measurements of gas isotopic composition in gas (at a specific
depth), which would clarify the biodegradation and (2) a better maturity estimation of potential source rocks at
depth, the conclusions at hand remain uncertain. The mixing of thermogenic and biogenic gas may shift the
isotopic composition as well as the biodegradation of a primarily thermogenic gas (JIANFA et al. 2000, L1U et al.
2008, ZHU et al. 2014, OSTERA et al. 2016).

- 52 —



S1/5001098-01 UNCONGAS — Final Report

3.6. Conclusions

In the second part of the UNCONGAS project, comprehension of the most relevant hydrocarbon source rocks in
the study area was improved. The results allow the assessment of the hydrocarbon potential of these rocks. In
detail, the following points were elucidated in this phase:

. The seismic interpretation, together with the well-log correlation, permit to identify a stratigraphic
interval in the Lias that corresponds to the organic-rich Posidonia shales. This interval was pene-
trated by several wells (Chapéry-1, Humilly-2, Faucigny-1, Essertines-1, Eclépens-1, Romanens-1)
in the western Swiss Plateau. The effective thickness of this organic-rich interval is about 10 m.

. Geochemical analysis of source rocks and superficial oil and gas seeps, combined with vitrinite
reflectance measurements, organic geochemistry of biomarkers and gas isotopic measurements, in-
dicate the existence of an active petroleum system at a depth greater than 2200 m.

. The Posidonia shale may be considered a “shale 0il” play, thus representing a source of conventional
and unconventional hydrocarbon accumulations in the southwestern Swiss Plateau. However, the
insignificant thickness of the organic-rich unit (source rock), the densely-spaced faults and fractures
crossing the entire subsurface stratigraphic succession, and the several oil seepages to the surface,
strongly suggest that limited volumes of hydrocarbon accumulations are present in the subsurface.
Furthermore, the lack of large-scale structural traps stratigraphically above the Posidonia shale and
the lack of laterally continuous stratigraphic seals, support this hypothesis. On the other hand, the
richness in organic matter of the Lias deposits point to the possibility of an unconventional petro-
leum system.

. The Permo-Carboniferous unit is deep enough to be able to generate gas. Therefore, these deposits
are considered to have the highest potential for gas generation. Nevertheless, intense faulting of the
basin and the decollement of the Meso-Cenozoic sedimentary package above the Permo-Carbonif-
erous troughs may prevent large accumulations of gas, at least in the southwestern Swiss Plateau. A
conclusive statement regarding this hypothesis requires new subsurface data (i.e. seismic surveys
and wells for ground-truthing), which are currently not available.

. The gas seepages found in the Molasse indicate a mixture of biogenic and thermogenic gas, which
could be related to shallow immature organic matter degradation and to thermal cracking of deep
source rocks, respectively. Because the available data is limited, the type of organic matter precursor
of this gas cannot be determined yet.
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4. UNCONGAS Part 3 (2017)
Petroleum system modelling

4.1. Introduction

Basin Petroleum System Modelling (BPSM) is an excellent tool for reconstructing the thermal history of a basin
and to simulate the formation of oil and gas accumulations in the basin. Modelling permits to take into account
of a large number of geological variables (e.g. lithology, thickness, geometry, heat flow, compaction factors,
fluids circulation, faults, type of organic matter etc), and to quantify their effect on the thermal maturation of the
organic matter as well as the hydrocarbon generation, migration and accumulation. Various levels of model
complexity can be defined, depending on the amount of available data and time. A 1D model simulates the
thermal conditions at a point in the basin, a 2D model is a representation along a profile and a 3D model takes
into account the geological property variation in 3D space. In Part 3, 1D models were constructed to provide the
first relevant information on the thermal state of the study area. A preliminary 3D model of the Geneva Basin
was also produced, but further work is needed to improve its stratigraphic and fault geometries.

Independent of the model complexity, a mandatory step in the modelling workflow is the calibration of the
predicted temperature and thermal properties with rock sample measurements using geothermometers (e.g. vit-
rinite reflectance, illite crystallinity, fission tracks, fluid inclusions). In this phase of the project, the available
data were to sparse to validate thermal modelling results.

4.2. One-dimensional (1D) BPSM

4.2.1. Representation of the stratigraphy

We performed BPSM using the PetroMod® software (Schlumberger), which combines seismic, well and geolog-
ical information to model the evolution of a sedimentary basin. The model is able to predict if and how hydro-
carbons accumulated in a reservoir, the source and timing of their generation, migration routes as well as quan-
tities and types of hydrocarbons at subsurface or surface conditions.

An important step for a subsequent simulation is to define the geological events of a specific time period. There
are four types of events:

. deposition
. erosion

. hiatus

. thrusting

A 1D BPSM model was constructed for the Humilly-2 well site to obtain a predictive model that allows a con-
sistency check, comparison and correlation of measured maturity data. For this site, all depositional events were
added to the stratigraphic column as shown in Figure 44. Furthermore, an erosion event was added to the top of
the Lower Cretaceous, to account for the known Upper Cretaceous erosion (SCHEGG et al. 1997). Each formation
was attributed one bulk lithology based on the well report.
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Figure 44: Burial history overview of the Humilly-2 site indicating the formations, lithologies
and ages of deposition and erosion.

4.2.2. Boundary conditions of the Humilly-2 well

In addition to the stratigraphic input, the modelling requires the establishment of the following boundary condi-
tions:

. paleo-water depth (PWD)
. sediment water interface temperature (SWIT)
. basal heat flow (HF)

These boundary conditions define the basic energetic conditions for the temperature development of all layers,
especially the source rock and, consequently, for the maturation of organic matter through time. There is only
one set of boundary conditions for each model. The PWD (paleo bathymetry) was assessed according to the
lithology and palacontological assemblage in the stratigraphic layers and cross-checked with data from the liter-
ature (Figure 45). The approach to estimate the temperature of the sediment-water interface was based on that of
WYGRALA (1989), which relies on the latitudinal position of the stratigraphic section (Figure 45). Estimation of
the basal heat flow (Figure 45) used the McKenzie crustal model, which assumes a uniform crustal stretching
(JARVIS & MCKENZIE 1980).
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Figure 45: Boundary conditions used to model the stratigraphic succession of the Humilly-2
well site and the tectonic history of the Molasse Basin. SWI: surface water interface
temperature

4.2.3. 1D model of the Humilly-2 well

The resulting model of the burial and thermal history of the Humilly-2 well site is in good agreement with the
maturity data (Figure 46 and Figure 47). According to the simulation results, the Posidonia shale has reached the
early oil window with a vitrinite reflectance of 0.75 Ro%. The model is matches the measured vitrinite reflec-
tance of 0.74 Ro% (Figure 48). The maturity profile of the Humilly-2 well site indicates that the top of the Permo-
Carboniferous reaches a vitrinite reflectance of around 0.96 Ro%, with a present-day temperature at around 87°C
(Figure 47). This result is consistent with the bottom-hole temperature of 105°C measured in 1969.

Sensitivity tests are useful for understanding and calibrating deviations between measured and simulated values.
The differences between the measured and the modelled maturity and temperature data are probably due to the
following factors:

. the approximation of the heat flow based on the crustal stretching model
. the thickness Upper Cretaceous deposits prior to their erosion
. the amount of erosion at the base of the Paleogene and the Quaternary

For instance, the McKenzie crustal model is based on uniform stretching taking into account, among other pa-
rameters, the thickness of the pre-rifting crust. A slight change in the pre-rift thickness, from 40 km to 37 km
thick, causes an increase in temperature of about 6°C at the top of the Carboniferous and an increase in the
vitrinite reflectance of the Toarcian Posidonia shale of 0.09%. In addition, surface vitrinite reflectance analysis
reveals that the Oligo-Miocene Freshwater Molasse in the GGB can reach 0.43 to 0.47 Ro% (DEVILLE & SASSI
2006). Our 1D BPSM fits quite well with these data and gives a maturity of around 0.39 to 0.42 Ro% (Figure
47). Still, a closer investigation of the erosion rate and the paleo-heat-flow may improve the maturity model.

The 1D BPSM permits the timing of the source-rock maturation to be calculated. For the Humilly-2 site, our
simulation shows that the Posidonia shale, rich in organic matter, entered the early oil window at a depth of
around 2000-2100 m during the Lower Cretaceous (Figure 46). According to this result, the transformation ratio
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(i.e. the percentage of generated petroleum compared to the maximum potential petroleum generation in a source
rock) of the Posidonia shale reaches 45% today.
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Figure 46: Burial history of Humilly-2 well site displaying the early oil (dark green) and main
oil (light green) maturity fields according to SWEENEY & BURNHAM (1990).
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57—



UNCONGAS - Final Report S$1/5001098-01

Vitrinite Reflectance [*Ro]
050 100

Quaternary

Molasse
T T - Siderolitic
Lower Cretaceous

Dogger Tithonian

Dogger Kimmeridgian Limestone
Dogger Kimmeridgian Dolomie

Dogger Oxfordian Limestone

Depth [m]

Dogger Oxfordian Marls

— | Malm Bathonian
Malm Bajocian

| Lias Tearcian Clay

Lias Pliensbachian

Lias Sinnemurian Limestone
— Trias Rhaetian

Trias Keuper Anhydrite

Trias Keuper Halite

Trias Muschelkalk
—= Carboniferous

i} .‘El] 1 \".‘l]
Sweerey&Burmham( 1900)_FASY%Ra [%tRo]
’ Vitrinite Reflectance of Humilly: 2

= Sweerey8Burmham(1990)_EASY%Ro @retromod

Figure 48: Calibration of the thermal model with the sparse vitrinite reflectance (%Ro) data.

4.2.4. 1D model of the Eclépens-1 well

A 1D BPSM simulation was performed also for the Eclépens-1 well site and was based on well reports, estimates
of erosion rates (SCHEGG et al. 1997, 1999) (Figure 49). As for the previous model, the heat flow was computed
using the uniform crustal extension model of McKenzie (1978).

Results of the primary simulation suggest that, in the Eclépens-1 area, the Toarcian Posidonia shale entered the
oil window during the Lower Cretaceous. They also predict a present-day maturity at 0.73 Ro%, similar to that
calculated by SCHEGG et al. (1997). The simulation yields a current transformation ratio of the Toarcian Posido-
nia shale of around 35%, lower than that of the Humilly-2 model. However, the type of organic matter and the
organic content of the Toarcian Posidonia shale source rock are not known in the Eclepens-1 samples, and the
measurements of TODOROV et al. (1993) used in the simulation come from northern Switzerland. Therefore, a
change in the organic content and geochemistry could also imply a shift in the hydrocarbon transformation timing
(TiSSOT & WELTE 1984). Geochemical analyses of the Posidonia shales in the Eclépens-1 well will be performed
in the future to better constrain the model.

The Eclépens-1 well terminated in the Keuper unit and did not reach the basement (Figure 49). About 12 kilo-
meters to the north, the Treycovagnes-1 well traversed the entire Mesozoic interval to reach more than 470 m of
Permian sediments constituting conglomerates alternating with medium-grained sandstones and red shales inter-
calations. An organic-rich formation of the Permian, known as the Autunian shales, represents a very good la-
custrine source rock (LEU 2014). To simulate the behaviour of the basin, we modelled a synthetic well based on
the stratigraphy of the Eclépens-1 site (Figure 50) and added the basal stratigraphy of the Treycovagnes-1 site
from the Upper Keuper to the Permian. Seismic interpretation allowed to identify a series of Permo-Carbonifer-
ous troughs below the Mesozoic cover in the Eclépens-Essertines-Treycovagnes area (Figure 50b, SOMMARUGA
etal. 2012). Thus, in addition to the known stratigraphic succession, a series of Permian shales and Carboniferous
sandstones with coal beds were included at the base of the synthetic well to account for the potential organic
matter. Results of the simulation suggest that (1) the Permian lacustrine source rock comprising red shales should
have reached the condensate/wet gas window (0.9< R0%<1.35; Figure 50a) since the Lower Cretaceous and that
(2) the Carboniferous should have reached the dry gas window (>1.35 Ro%; Figure 50a).
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Figure 49: Burial history of Eclépens-1 displaying the entry into the oil window (red line)
according to SWEENEY & BURNHAM (1990).
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Figure 50 (a) 1D model of the Eclépens-1 well. Entry into the oil window (green line), con-
densate/wet gas window (red line) and the gas window (black line) according to the
modelling results. (b) interpreted seismic profile intersecting the Eclépens-1 well and
showing a Permo-Carboniferous trough at depth (SOMMARUGA et al. 2012).
4.3. 3D model of the Geneva Basin

In the last phase of the project, a 3D geological model of the GGB was constructed, integrating large sets of
geophysical, geological and outcrop data. The geometry and thickness of the different layers constituting the
stratigraphic record of the basin were determined. The available structural data (fault planes) were also imple-

mented in the model (Figure 51).

By incorporating literature data, the thermal gradient recorded in the basin history was reconstructed and mod-
elled. Modelling results suggest variations in temperature over time, which in turn constrain zones of hydrocar-
bon generation throughout the basin (Figure 52). Oil-window and gas-window thermal conditions were inferred
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for the Toarcian and Carboniferous layers, respectively. These units, rich in organic matter (see Pert 2), are
potential source rocks of the system. Therefore, hydrocarbons generated from these rocks may be found in ex-

tensive portions of the basin. They may be encountered when exploring for non-hydrocarbon resources (such as
geothermal reservoirs) and thus pose operational hazards.
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Figure 51: Geometrical model of the Geneva Basin (data from GeoMol).
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Figure 52: Maturity maps (green - oil window; red — gas window) calculated by the model
for the Toarcian and Carboniferous layers.

Permeability variations throughout the basin were considered to model the hydrocarbon migration paths. Migra-
tion paths are an important consideration when modelling the initial amount of hydrocarbons in place and hy-

— 60—



S1/5001098-01 UNCONGAS — Final Report

pothesizing the size of potential oil and gas accumulations (Figure 53). The results show that preferential migra-
tion paths occur mostly along modelled fault planes. Thus, oil and gas circulation would also be expected to
occur in these areas.

The thermal history reconstructed in the 3D model is better constrained than that in the 1D model, because it is
based on more data and variables. As a result, the validation of the 3D model with vitrinite reflectance performed
more reliable results. The measured vitrinite reflectance is consistent with the theoretical values given by the
model (SWEENEY & BURHNAM 1990). However, the limited number of samples available for vitrinite measure-
ments is insufficient to perform a fully reliable calibration. Future work will involve additional sampling for

vitrinite reflectance measurements and implementation of new geothermometers, such as illite crystallinity, fluid
inclusions and fission tracks.
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Figure 53: Generation mass of gas (Megatons) in the basin and modelled hydrocarbon mi-
gration paths.

4.4. Reconstruction of maturity gradients in the Swiss Plateau

Currently, only sparse vitrinite reflectance data are available from the Lias and Carboniferous deposits of the
Geneva Basin, which are richest in organic matter. Thus, the limited number of temperature-control points at
depth are insufficient to calculate a reliable thermal gradient for the region. Future analyses of organic-rich sam-
ples will provide the necessary data, but in this phase, a more reliable estimate of the maturity gradient was
possible by implementing measured data from the literature.

4.4.1. Western Swiss Plateau

Literature vitrinite reflectances measured in the Oligo-Miocene Molasse, which outcrops close to the studied
wells, were used to extrapolate a maturity gradient to depth (Figure 54a; DEVILLE & SASSI 2006). A range of
0.42 to 0.47 Ro% fits the maturity profiles of the Humilly-2 and Chapéry-1 wells, whereas a range of 0.54 to
0.58 Ro% fits in the case of the Faucigny-1 well (Figure 54b).

Calculated maturity profiles are compared to those suggested for the Canton of Vaud (SCHEGG et al. 1997, GORIN
et al. 1993). Considering only the wells that reached the Early Jurassic intervals (Eclépens-1, Essertines-1 and
Treycovagnes-1), the interpolated vitrinite reflectance of the Posidonia shale may attain 0.7 to 0.8 Ro% (Figure
54b), similar to the maturity of the Humilly-2 well samples (0.74 Ro%, Figure 48). Except for Savigny, where
the well is the only one in the Canton of Vaud penetrating the Subalpine Molasse, the maturity profiles of SCHEGG
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et al. (1997) are relatively homogeneous and similar to the ones we interpolate for the Humilly-2 well samples
(Figure 54b). The Essertines-1 results are slightly different from the others, as it indicates a higher maturity trend.
Such a difference may be due to a higher post-Molasse erosion rate, thus a higher original burial depth (SCHEGG
et al. 1997). This hypothesis will be tested with BPSM at a later stage. At the Chapéry-1 site, vitrinite reflectance
of the Posidonia shale is lower than in other parts of the basin, taking into account the depth of the formation
(Figure 54). These differences, observed in a relatively restricted area, can hardly be explained by assuming a
variation in the geothermal gradient. A possible explanation could be the deep circulation of hot fluids that pro-
duce local thermal anomalies. Further investigations are planned to explore this hypothesis.

At the Faucigny-1 site, the maturity of the Posidonia shale is very high compared to that of the other well samples
(Figure 54b). Vitrinite reflectance of the surface samples also shows an increase in maturity of the Subalpine
Molasse (Figure 54a, DEVILLE & SASSI 2006). In this area, intense tectonic loading occurred during the early
Oligocene, as a consequence of the emplacement of the Prealpine nappes (DEVILLE & SASsI 2006). Thus, a
higher burial rate in this area was likely and probably caused the higher thermal conditions.

In the Thonex-1 well, the thermal gradient was calculated by interpolating geothermometric data from the Mo-
lasse deposits (SCHEGG & LEU 1996). A coalification gradient of 0.33 Ro%/km was calculated from these data,
considering a surface Ro% value of 0.4. According to the GeoMol 3D model of the Lias unit in the Geneva-
Savoie area (available at https://geneve.geomol.ch), a depth between 2400 and 2500 m below surface or below
sea level can be estimated for this area. Thus, a maturity for these layers of 1.1 Ro% is expected, much higher
than that measured in the Humilly-2 well samples. Further investigations are necessary to constrain these data
and to explain the variation in thermal history.

4.4.2. Central and eastern Swiss Plateau

Compared to those in eastern Switzerland and southern Germany, the maturity gradients in the western and
southwestern Molasse Basin appear to be lower (Figure 55). Early Jurassic samples from Weiach were not ana-
lysed, but the calculated maturity profile suggests an approximate value of 0.6 Ro% (LEU & GAUTSCHI 2014).
Given the general maturity profiles in northeastern Switzerland and southern Germany, the Posidonia shale may
have reached the condensate/wet gas window at a greater depth, such as in the case of Tettnang, Germany (MA-
ZUREK et al. 2006).

Maturity data from the Permo-Carboniferous units are too scarce in the Swiss Plateau to allow determination of
maturity trends. Previous studies of the Permian and Carboniferous deposits in Weiach (MAZUREK et al. 2006)
show that the Permian is in the oil window and the Carboniferous in the condensate/wet gas window (0.9<
R0%<1.35).
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Figure 54: (a) Geological map of the Geneva Basin with the vitrinite reflectance data of sur-
face samples (DEVILLE & SASSI 2006). (b) Maturity profiles in the Geneva Basin from
data provided in this study (cuttings from the Humilly-2, Chapéry-1 and Faucigny-1
wells). For comparison, literature data from the wells Chapelle-1, Eclépens-1, Esser-
tines-1, Savigny-1 and Treycovagnes-1 are shown (SCHEGG et al. 1997).

— 63—



UNCONGAS - Final Report S$1/5001098-01

VRo%
04 0.6 09 1.35

A

Legend
o Surface Ro% (Deville and Sassi, 2006)

Toarcian (this study)
@ Humilly-2
@ Chapéry-1

10004\
el Toarcian

(from Schegg et al., 1997)
® Treycovagnes

® Eclépens

@ Essertines

20004

[
(=)
=
(=]

Depth from surface

4000

Oil window

Condensate/

Maturity profile

Lias (Early Jurassic)

(from Mazurek ef al., 2006) maturity

=" Benken
*.“Frenhofen
o Owingen
_« Pfullendorf
o Riniken
L= Tettnang
&’ Wald
=" Weiach

| L o

EE ¢ P OB

wet gas

Figure 55: Maturity profile in southwestern Switzerland based on cuttings from wells Hu-
milly-2 and Chapéry-1. For comparison, data from northeastern Switzerland and
southern Germany are also displayed.

— 64—



S1/5001098-01 UNCONGAS — Final Report

5. UNCONGAS Part 4 (2017)
Hydrocarbons volume estimate

5.1. Introduction

To assess the likelihood of encountering hydrocarbon accumulations during geothermal exploration of the Swiss
Plateau, it is necessary to estimate the amount of oil and gas potentially stored in the subsurface. To answer this
essential question, several parameters need to be considered and evaluated, such as: (1) the source rock volume
and its hydrocarbons potential, (2) the source rock expulsion efficiency and (3) the reservoir capacity to store oil
and/or gas. Generally, in an initial exploration phase only some of these data are available, so several assumption
need to be made. Therefore, estimations from the initial exploration stages are mostly probabilistic in nature and
contain major uncertainties. In subsequent exploration phases, when more data are collected, uncertainties in
resource estimates are gradually eliminated. If hydrocarbons are encountered and volumes are tested in the later
phases, resources may actually be converted into producible reserves.

This project is currently in the first resource estimation phase. Estimation of the possible volumes of hydrocar-
bons stored in the Swiss Plateau was performed with the following workflow:

. calculation of the volume of rocks able to generate hydrocarbons
. estimation of the amount of hydrocarbons generated by the source rocks
. estimation of the gas and oil initially in place

Data from previous regional studies (e.g. GeoMol) as well as from analytical studies in this project (see previous
parts) were used for the calculations. The latter focused mostly on the Geneva Basin, in which detailed geochem-
ical and petrographical analyses were performed on source-rock and reservoir samples from well cores. Further-
more, the geometries and thicknesses of the stratigraphic layers were modelled at a higher resolution for the
Geneva Basin than for the rest of the Swiss Plateau, where data are less abundant. Thus, in the UNCONGAS
project, data and interpretations from the Geneva Basin were extrapolated to the rest of the study area, keeping
in mind the high uncertainty associated with extrapolations using sparse data. The extrapolations were based on
a range of scenarios, in which each parameter was characterized by a range of estimates. The scarcity and scat-
tering of the data meant that several assumptions had to be made. More data will be acquired in future work, also
from the rest of the Swiss Plateau, so that more realistic estimates will be possible.

5.1.1. Source-rock volume

To date, the Toarcian black-shale unit could be differentiated only in few well logs, mostly located in the western
part of the Swiss Plateau. Therefore, the thickness of these deposits in the rest of the study area towards the Lake
of Constance need to be estimated.

The volume of the Permo-Carboniferous source rock is even more uncertain. Seismic surveys and drilling cam-
paigns report difficulties in identifying any Permo-Carboniferous deposits and determining their extent and thick-
ness. The volume presented in this study is based on literature data proposing a variety of scenarios and inter-
pretations, a methodology that we also follow.

5.1.2. Source rock volume calculation

In the Swiss Plateau two source rocks were identified: 1) the Lower Jurassic Posidonia black shale unit (Toarcian)
and 2) the coal and organic-rich shales of the Permian-Carboniferous deposits. The Jurassic source rock forms
part of the substratum of the Swiss Plateau basin containing the Molasse deposits. Therefore, it extends through-
out the entire area with variable thickness. The Permo-Carboniferous source rocks accumulated in confined gra-
bens, which formed during the Varisican post-collisional orogenic (mountain-building) phase. To present, the
position and the geometry of these troughs beneath the Mesozoic substratum remain highly uncertain because of
the scarce and low-quality data (seismic, logs, cores) from this depth. Most of the available data on the geochem-
ical properties of these source rocks come from the Geneva Basin area. These properties were extrapolated to
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the entire Swiss Plateau, in terms of organic-matter richness, type and hydrocarbon potential, although this as-
sumption greatly simplifies the large heterogeneity of the organic matter that could exist throughout the basin.

b) The Posidonia shales (Lias, Toarcian)

In order to calculate the volume of the Posidonia shales in the Swiss Plateau, it was necessary to first determine
the extent and thickness of the entire Lias unit. The boundaries of this unit were mapped on the basis of 2D
seismic data in the context of the GeoMol project (Landesgeologie 2017). Thus, grids of the Top Triassic and
Top Lias horizons were calibrated throughout the entire study area using the stratigraphy of 17 deep boreholes
from the Swiss Plateau (Figure 56), for which these two stratigraphic markers had been identified. The tops of
the Lias and Triassic surfaces were obtained and used to calculate the top Lias surface in depth (Figure 57) and
the thickness of the Lias stratigraphic unit throughout the entire Swiss Plateau (Figure 58), with the aid of the
Schlumberger Petrel software. Finally, a gross rock volume of 1.15 x 1012 km3 (or 1150 km3) was determined.

] et e A

S S RS

T —— e

Figure 56: (a) well logs used to calibrate the seismic data interpolation, where the Lias unit
boundaries were defined. Where possible, the Toarcian black-shale unit was identified
(thin blue lines). (b) the inset shows the interpolated depth map (meters) and the well
locations. Original figure at big scale in Annex 7.

In estimating the volume of oil and gas generated by these rocks, only the thermally mature portion of the volume
was considered. The maturity boundaries proposed by LEU & GAUTSCHI (2014), based on vitrinite reflectance,
were used to delimit the area where the Lias unit is in the mature state (Figure 57), thus currently able to generate
hydrocarbons. In this area, the thermally mature Lias unit has a volume of 1.13 x 1012 m3, which can be con-
sidered as the gross volume of the source rock and/or reservoir.

To correctly estimate the amount of hydrocarbons generated by these deposits, it was required to determine the
volume of rock containing a relevant amount of organic matter, which is also expressed as “net volume”. In the
case of the Lias deposits, the net volume corresponds to the Posidonia black-shales deposits. The Posidonia
black-shales signal can be recognized only in few well logs via gamma-ray traces (Figure 56). With these well
data, the Posidonia black-shale thickness was determined and used to construct the corresponding thickness map
(Figure 59 and Table 7). However, because of the lack of data in the central-eastern part of the Swiss Plateau,
the interpolated values in these areas cannot be considered as completely reliable. Future data acquisition cam-
paigns should be carried out to constrain the models of these deposits throughout the entire Swiss Plateau.

In this phase of the project, probabilistic estimates of the net volume of source rock were made. The ratio of net
(Toarcian black-shale unit) to gross (Lias unit) volumes was calculated for the well logs with the easily recog-
nizable units (Table 8). Thus, we consider three end-member hypotheses of the net/gross ratio, and we extend it
to the entire Swiss Plateau area. The percentages of hydrocarbon-prone source rock (net volume) with respect to
the total Lias unit are the following: a minimum of 2%, an average of 5% and a maximum of 7%. The net volumes
corresponding to these three hypotheses for the entire Swiss Plateau are shown in Table 8.
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Figure 57: Depth map in meters to the top of the Lias unit, produced by interpolation of 2D
seismic and well data. Only the mature area was used in the calculation. Maturation
limits are based on vitrinite reflectance data from LEU & GAUTSCHI (2014).
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Figure 58: True vertical thickness variation (isopach map in meters) of the Lias unit in the
Swiss Plateau (area of study indicated by the red line)
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Figure 59: True vertical thickness variation (in meters) of black shales contained within the
Toarcian (Posidonia black shales) throughout the Swiss Plateau

Table 7: Percentage of the net to gross volumes calculated for the wells in which the Posido-
nia shale unit (Toarcian) was recognized. Thickness measured in well —logs (Figure

57).
Well name Lias thickness (m) Posidonia shales thick- %
ness (m)

Chapery-1 128 9 7.0
Eclépens-1 359 9 2.5
Essertines-1 397 6 1.5
Faucigny-1 176 10 5.7
Humilly-2 360.5 7 1.9
Linden-1 56 4 7.1
Romanens-1 121 7 5.8
Treygovagnes-1 308 6 1.9

Table 8: Bulk rock volume (BRV) and net volumes estimated for the Toarcian black-shale
source rock in the entire Swiss Plateau area.

Net-to-gross ratio (%) BRV (m?) Net volume black shales (m?)
7 1.13x 10" 79.1 x 10°
5 1.13x 10" 56.5x 10°
2 1.13x 1012 22.6x 10°
c) Permo-Carboniferous deposits

The calculation of Permo-Carboniferous source-rock volumes is even more challenging than in the case of the
Lias unit because until now, only sparse data are available on the areal distribution of the troughs and grabens
with accumulations of these deposits. Thus, any estimate is highly uncertain.
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A series of Permo-Carboniferous grabens at various depths is distributed throughout the Swiss Plateau, just above
the surface that defines the basal Mesozoic unconformity. The shape, extent and depth of these grabens were
estimated (Figure 60) by taking into account the results of PAOLACCI’s PhD thesis (unpublished) and Leu (2014),
which mostly involved seismic interpretation. Based on well data and stratigraphic interpolation, a variable thick-
ness was assigned to the different grabens, ranging from 300 m to 5 km. Thus, the volume of the deposits in the
Permo-Carboniferous grabens was calculated to be 2.7 x 1012 m?, which correspond to the source rock «gross
volumey. This value can be considered as a highly uncertain approximation. As in the case of the Posidonia
shales, future data acquisition campaigns would have to target Permo-Carboniferous grabens to improve any
resource estimates.
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Figure 60: Base of the Mesozoic surface and location of the Permo-Carboniferous grabens.

In order to estimate the amount of hydrocarbon-prone organic matter (e.g. organic-rich shales, coals) in the
Permo-Carboniferous troughs, the most significant outcrop and well data were considered. The best-exposed
outcrop is located in the Salvan-Dorénaz Basin (CAPUZZO & WETZEL 2004), where organic-rich shales and coal
form packages about 40-50 m thick, which are typically repeated along the stratigraphic section. The stratigraphic
record of the Weiach-1 well (northern Switzerland) was also considered, since it traverses the entire Permo-
Carboniferous series to reach the crystalline basement (NAGRA, 1986). By computing the net-to-gross ratio
from the well log, the bituminous shale and coal thickness and the proportion with respect to the entire Permo-
Carboniferous stratigraphic record were measured (Table 9).

Table 9: Permo-Carboniferous stratigraphic record from the Weiach-1 well and percentage
of deposits that can be potential source rocks (coal and bituminous shales) with re-
spect to the total Permo-Carboniferous unit thickness

Total thickness (m) Source-rock thickness  Source-rock propor-
(m) tion (%)
Permo-Carboniferous unit 1029 135 13
Permian source rock 65 6
Carboniferous source rock 70 7

In addition, the well-documented coeval deposits in the North Sea area were also considered. In this area, the
packages of coal and carbonaceous shales are around 40 m thick (see GR and DT signal of the well log in Figure
61, DOORNENBAL & STEVENSON 2010). The total thickness of these packages measures between 320 and 160 m
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(see well 48/10b-4, 44/21-3 and 44/19-3 in Figure 61), which in this basin represents 20% and 10%, respectively,
of the entire Permo-Carboniferous interval. These data are consistent with the proportions in Switzerland.

For the purpose of starting with a preliminary estimate, a volume of organic-rich deposits between 10% and 20%
of the entire accumulation in the Permo-Carboniferous grabens was considered. The resulting net volumes are
presented in Table 10.
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Figure 61: Examples of coal-bearing Carboniferous intervals from the southern North Sea
used as a possible analogue for estimating the percentage of organic-rich shale and
coal intervals in the Swiss subsurface; modified from DOORNBAL & STEVENSON
(2010).

Table 10: Estimated volumes of the Permo-Carboniferous deposits and the related source-
rock layers.

Total volume (m?) Proportion of source-rock de- Volume of organic-rich de-
posits (%) posits (m?)
2.7x 10" 20 5.4x10"
2.7 x 10" 10 2.7x 10"
5.2. Calculation of the hydrocarbons generated by the source rock

The first step in estimating the accumulated reserves in a basin is to calculate the amount of hydrocarbons that
were generated and expulsed by the source rock during the entire basin evolution. This volume depends on the
amount and type of organic matter contained in the source rocks, as well as on the thermal transformation rate
of the latter. By knowing the volume of the source rock and the geochemical properties of its organic matter, the
original source-rock generative potential can be calculated. To determine this value, the calculation method pro-
posed by SCHMOKER (1994) was used.

SCHMOKER’s method calculates the volume of hydrocarbons generated by a source rock by taking into account
the kerogen type, the kerogen transformation kinetics and the time-temperature history to which the kerogen has
been exposed. An empirical measurement of the conversion of kerogen to hydrocarbons based on the hydrogen

~70 -



S1/5001098-01 UNCONGAS — Final Report

index (HI) is adopted here. The HI (from Rock-Eval analysis) indicates the hydrocarbons produced per gram
TOC by the thermal degradation of kerogen. Thus, this index represents the potential of a source rock to generate
additional hydrocarbons. The difference between the original HI (prior to any hydrocarbon generation) and the
present HI can be equated to the hydrocarbons generated by a source rock per unit mass of organic carbon
(SCHMOKER 1994). TOC and HI data were obtained from the Rock-Eval analysis of the Geneva Basin deposits
(see previous sections) and then extrapolated to the entire Swiss Plateau area. To better constrain and validate
the results here, more geochemical data are needed from the entire Swiss Plateau area.

SCHMOKER’s approach comprises three steps (Figure 62):

. calculating the mass of organic carbon in the source rock (M)
. estimating the mass of hydrocarbons generated per unit mass of organic carbon (R)
. determining the total mass of hydrocarbons generated (HCG)
TOCH100 Formation density Volume of unit Mass of i b
' ® _ 35 of organic carbon (M)
1. (WT %) (gfem?) o) | = (9 TOC)

Hydrogen index prior
2_ to hydrocarbon generation
{Hlg, mg HC/g TOC)

Hydrocarbons generated per
= gram organic carbon (R)
{Hl,, mg HC/g TOC)

Present-day hydrogen index
(HI., mg HC/g TOC)

" Hydrocarbons generated
3. | R (mg HCig TOC) | % | MigToC)| X% [k‘;?mg} = by unit (HCG)
: ikg HC)

Figure 62: Workflow proposed by SCHMOKER (1994) to calculate the hydrocarbons generated
by a source rock

Estimating the mass of hydrocarbons generated by the rock (step 2) is always the critical part of the mass balance
calculations, because it is difficult to estimate the original amount of organic matter in the rock before its thermal
transformation. ESPITALIE et al. (1986) propose a method to estimate this variable by means of a diagram that
permits to reconstruct the original HI of the source rock, knowing the type of kerogen and its present thermal
state (Figure 63). Thus, three representative end-members of the Rock-Eval data from the Lias and Permo-Car-
boniferous deposits of the Geneva Basin (taken from the Humilly-2, Chapeiry-1 and Charmont-1 wells) were
plotted on the ESPITALIE'S HI-vs.-Timax graphs and restored to the original immature values.

In the case of the Toarcian deposits, three end-member types of source rocks were considered: a Type II kerogen,
a Type Il and a mixed Type II / Type I1I kerogen (blue diamonds in Figure 63). These three different types were
identified on the basis of the HI, Tmax, S2 and TOC values. As indicated in Figure 63, the Type II kerogen has a
clearly higher HI index (ca. 450) compared to that of Type III (HI <200). The mixed Type II / Type III shows
intermediate HI values (ca. 300). All three kerogen types display similar Tmax values, indicating oil thermal
maturity conditions.

For the Permo-Carboniferous deposits, three end-member source rocks were chosen: a coal sample, a carbona-
ceous shale and a Type III kerogen (red diamonds in Figure 63). The greatest difference among the selected
samples is in the TOC) whereas the HI is somewhat similar because all the samples comprise terrestrial organic
matter. This type of organic matter is transformed mostly into gas when it is thermally mature.

By applying the equations in Figure 62, the generated hydrocarbon mass (kg) was determined for three end-
member source rocks and for the different net-volume scenarios of the source rocks. In the case of the Toarcian
deposits, three volumetric scenarios were considered (net source rock volume equal to 7%, 5% and 2% of the
entire Lias unit), whereas only two scenarios were considered for the Permo-Carboniferous units (net source
rock volume equal to 10% and 20% of the entire gross unit). The obtained hydrocarbon mass calculated was then
converted into volume of generated gas (m?) by considering an oil density of 0.8 gr/cm? for the Toarcian marine
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black shales and a gas density of 0.7 gr/cm? for the Permo-Carboniferous terrestrial source rock. The calculation
results are presented in Table 11 and Table 12.
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Figure 63: HI vs. Tmax Rock-Eval indices graph used to determine the type of kerogen in the
source rock and its thermal maturity. The original hydrocarbon potential of the rock
can be determined by restoring the initial HI (ESPITALIE et al. 1986). Only representa-
tive samples of the Lias (blue diamonds) and Carboniferous (red diamonds) source
rocks are plotted (Rock-Eval data the annexes 1 and 2)
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The volumetric estimates of hydrocarbons generated in the Swiss Molasse Basin are discussed in this section. In
the case of the Toarcian source rock, the results show that mostly oil was produced, since in the study area these
deposits have reached the oil-window thermal conditions. A maximum volume of 155 billion m? of 0il could be
generated, considering the most favourable case that the Toarcian black shales comprise 7% of the entire Lias
unit and that the related organic matter is formed by a high-quality Type II kerogen. On the other hand, a mini-
mum volume of 4.4 billion m? of oil could be generated, considering that the Toarcian black shales form only
2% of the entire Lias unit and that its organic matter corresponds to a low hydrocarbon-prone Type III kerogen.

In the case of the Permo-Carboniferous source rock, the study concludes that it generates mostly gas, because its
deposits are currently under the gas-window thermal conditions and constitute mostly gas-prone terrestrial or-
ganic matter. A maximum volume of 2°170 billion m? of gas could be generated by these rocks in the best-case
scenario, whereby the organic-rich layer is coal that forms 20% of the entire Permo-Carboniferous unit. In con-
trast, a minimum volume of 203 billion m? of gas could be generated in the case that the source rock comprises
only 10% of the entire Permo-Carboniferous unit and that a low hydrocarbon-prone Type III kerogen is involved.

In Figure 64, the hydrocarbon volumes generated by the two source rocks in this study are represented by bar
diagrams. In addition to the minimum and maximum values, the median and the percentiles at 75% and 25% are
presented. The volumes are expressed in billions of barrels (billion bbl) in the case of oil, generated by the
Toarcian source rock and in trillion cubic feet (Tcf) in the case of gas, generated by the Permo-Carboniferous
source rock (see also Table 11 and Table 12)
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Figure 64: Bars diagrams showing potential volumes of generated hydrocarbons (a) oil, (b)
gas. Volumes refer to the estimate calculated in Table 11 and Table 12.

The volumes in Figure 64 represent the amounts of hydrocarbons that potentially could be generated in the Swiss
Molasse Plateau, considering the type of organic matter forming the source rock, its thermal maturity and its
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volume. However, it is not known how much of these hydrocarbons has been effectively expulsed and accumu-
lated somewhere else and how much has been retained within the shales and organic-matter microporosity. The
expulsion efficiency of the source rock is the key variable that controls this ratio.

Diverse methods are proposed in the literature to estimate the amount of petroleum expelled from thermally
mature source rocks, taking into account (1) the volume of the rock, (2) the rock density, (3) the original content
of organic matter and (4) the expulsion factor (e.g. PETERS, 2006). The expulsion factor is the ratio of the carbon
mass expelled from a thermally mature source rock as petroleum to the original kerogen of the immature source
rock (PETERS 2006, LEWAN et al. 2002). Determining this variable could be highly challenging, as it strictly
depends on the behaviour of the rocks under various physical and chemical conditions. Thus, the petrophysical
and geochemical properties of the source rocks need to be investigated accurately.

5.3. Calculation of the available volume for hydrocarbon storage

The calculation of available volume for hydrocarbon storage (AVHS) follows the methodology for determining
the volume of hydrocarbon in place. However, in this work, we use the terminology of AVHS to refer to the
entire stratigraphic units of the Swiss Plateau and not just to the trapping structures. The AVHS for a given area
is controlled, to a large extent, by two key characteristics of the unconventional rock formation: the volume of
rock with storage capacity and the amount of porosity. Furthermore, pressure and temperature govern the volume
of gas in solution with the reservoir oil, defined by the reservoir’s formation volume factor. In addition to free
gas, organic-rich shales can hold significant quantities of gas adsorbed on the surface of the organics (and clays).

The calculation of hydrocarbon initially in place is made by using established reservoir-engineering equations
and conversion factors to calculate AVHS (available volume for hydrocarbon storage):

(BRV % N:G * Phi * So)

AVHS (0il) =
(oil) o
(BRV %= N:G = Phi x Sg)
AVHS (gas) =
Bg
. Definitions of the equation variables are given below: BRV is the bulk rock volume corresponding

to the calculated gross volume of the rock interval and is based on areal extent and thickness from
2D-seismic interpretation and well calibration. The BRV in this study is essentially based on the
GeoMol results and literature information.

. N:G is the net-to-gross ratio, which for unconventional reservoirs characterizes the net organic-rich
thickness of the shale and coal-bearing intervals within the entire two stratigraphic intervals (Toar-
cian/Lias in this study). For conventional reservoirs (i.e. Permo-Carboniferous), it refers to the por-
tion of the stratigraphic interval that can store hydrocarbon. The net-to-gross ratio is expressed either
in percent or as a fraction and is usually estimated from a combination of logs, such as gamma-ray,
density and neutron.

. Phi is the porosity, a dimensionless fraction expressing the volumetric proportion of voids, obtained
from the well log or core samples. This shale property is influenced by the thermal maturity and its
depth of burial.

. So, Sg and Sw are the oil, gas and water saturations, respectively, and are expressed as dimensionless

fractions of the porosity filled with gas (Sg) instead of water (Sw) or oil (So). The porosity is mul-
tiplied by Sg to give gas-filled porosity. Sw defines the fraction of the pore space filled with water,
often the residual or irreducible reservoir water in the natural fracture and matrix porosity of the
shale. Liquids-rich shales may also contain condensate and/or oil (So) in the pore space, further
reducing gas-filled porosity.

. Bo and Bg are the oil formation and gas volume factors used to adjust the oil volume in the reservoir,
typically containing gas in solution, to oil volume in stock-tank volumes (given in barrels or m?)1 at

' A rule of thumb: 27 barrel or bbl ~ 1m3
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surface conditions. This property depends on reservoir pressure, temperature and thermal maturity
values. The procedures for calculating Bo are provided in standard reservoir engineering publica-
tions (MCCAIN 1990). In this work, Bo and Bg were not used in the calculation (hence their value
is 1), since we focused on calculating volumes in place in the subsurface and not at surface condi-
tions.

To estimate the volumetric storage potential of the Toarcian and the Permo-Carboniferous units, three scenarios
were considered (Table 13). For the latter, a combination of different values of N:G, Phi and hydrocarbon satu-
ration were used and the BRV was kept constant. These data are based on well logs and measurements on core
material (unpublished data from the University of Geneva in the context of the «Géothermie 2020» and «Géo-
thermies» projects; HEFNY et al. (2020), MAKHLOUFI et al. (2018), MOSCARIELLO (2016, 2019), MOSCARIELLO
et al. (2020), RUSILLON (2018).

Table 13: Calculation of the volume available for hydrocarbon storage in the Lias and
Permo-Carboniferous units.

Toarcian shale oil reservoir
Parameters for volume of oil in place

BRV (m%) N:G Phi So AVHS oil
1.13E+12 0.07 0.05 0.7 2.8E+09
1.13E+12 0.05 0.02 0.5 5.7E+08
1.13E+12 0.02 0.01 0.2 4.5E+07

Carboniferous low K gas reservoir
Parameters for volume of gas in place

BRV (m’) N:G Phi So AVHS oil
2.70E+12 0.7 0.2 0.5 1.89E+11
2.70E+12 0.5 0.1 0.4 5.40E+10
2.70E+12 0.2 0.05 0.3 8.10E+09

In addition to the free gas in place, shale reservoirs can hold significant quantities of gas adsorbed on the surfaces
of organics (and clays) in the formation. In order to measure the adsorbed gas, an isotherm curve (also known as
the Langmuir isotherm) was established for the prospective area of the basin, using available data on TOC and
on thermal maturity. These data were used to determine the Langmuir volume (V1) and the Langmuir pressure
(Pr). Adsorbed gas in-place was then calculated using the following formula, where P is original reservoir pres-
sure.

_ Vi*P
~PL+P

The absorbed gas content (GC), typically given in cubic feet of gas per ton of net shale, was converted to gas
concentration using current or typical values for shale density. Density values for shale are typically around 2.65
gm/cc and depend on the mineralogy and organic content of the shale.

The estimates of Vi and Py for adsorbed gas in place are based on available data in the literature. In general, Vi
is a function of the temperature, organic richness (TOC) and thermal maturity (Ro) of the shale (Figure 65). P.
expresses how readily the adsorbed gas on the organics in the shale matrix is released as a function of a finite
decrease in pressure.
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Figure 65: Influence of temperature (a), thermal maturity (b), TOC (c), and type of kerogenes
(d) on the ability to gas adsorption (modified from Weatherford laboratories, Houston,
personal communication). In (¢) the Carboniferous and Toarcian units mean TOC
value determined in this study (see previous chapters) is used to extrapolate the related
curves.

Based on the properties of the organic-rich shale intervals in this study, it was therefore possible to estimate the
in-situ gas storage capacity (standard cubic feet/ton) and the volume of absorption storage capacity (mg HC/g
TOC). However, given the sparse information about reservoir pressure in our basin, a quantitative estimate of
the additional adsorbed gas was not possible.

54. Conclusions

Volume estimates performed herein give a first idea of the amount of hydrocarbons that have been generated and
that potentially could be stored in the Swiss Molasse Plateau. A summary of the obtained values is illustrated in
Figure 66. The conceptual terms used in analysing the two source rocks of the basin are indicated. The wide
range between minimum and maximum values is visible and reflects the major uncertainties (e.g. in BRV, TOC,
Phi distribution), existing at present. Furthermore, the hydrocarbon potential of the source rocks is based on
extrapolations of data only from the Geneva Basin. Further analyses throughout the entire Swiss Plateau will be
performed in the future, in order to obtain more realistic estimates.

The results indicate that in the Swiss Plateau, the amount of hydrocarbons that could be stored in the Toarcian
unit ranges between 0.045 and 2.8 billion m?. Considering the amount, the type and the thermal maturity of the
organic matter forming this unit, the amount of oil that could be generated ranges between 155 billion m? and 4
billion m?, which is much higher than the volume that could be stored. This means that only a portion of the
hydrocarbons that has been generated by the Toarcian black shales potentially could be stored in this stratigraphic
unit, whereas the rest has migrated. This is also the case for the Permo-Carboniferous unit where, according to
our preliminary calculation, the gas volume that potentially could be generated is between 2,170 and 200 billion
m?, considerably higher than the storage potential of the sandstone bodies comprising the Permo-Carboniferous
unit (between 8 to 189 billion m?). In both cases, the presence of faults and dipping stratigraphic surfaces could
have forced the generated hydrocarbons to migrate to the upper surfaces and/or to accumulate in other reservoir
units and structural traps. By taking into account the geometries of the geological units of the basin and their
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tectonic and thermal histories, petroleum system modelling
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would allow a more accurate reconstruction of the

hydrocarbon generation, migration and accumulation in the basin.
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Figure 66: Synthesis of the hydrocarbon volume estimates in this study,

(a) oil, (b) gas; HC = hydrocarbons, OM = organic matter.
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6. Outlook and perspectives

The methodology applied in the study of the Geneva-Savoie area yields important insights into the potential of
oil and gas generation. The workflow we have developed, based on a multidisciplinary approach, needs to be
applied to other areas of the Swiss Molasse Bain. For example, in the Canton of Vaud (Essertines-1-Eclépens-
1-Treycovagnes-1 well area) bitumen seepages have already been sampled for geochemical analysis and prelim-
inary BPSM simulations suggest that both oil and gas is currently being generated (Eclépens-1, Figure 50). In
addition, two wells penetrating the Toarcian Posidonia shale (Courtion-1 and Romanens-1) and the occurrence
of various structural traps (SOMMARUGA et al. 2016) make the southern part of the Canton of Fribourg an inter-
esting area for investigation with a similar approach.

In general, both thermogenic and biogenic hydrocarbons are frequently encountered in wells drilled for other
purposes (e.g. in Wellenberg, Oftringen, St. Gallen). The concurrence has major implications not only in terms
of resource potential but also in terms of fundamental questions regarding the planning, design and execution of
an exploration campaign, be it regionally extensive seismic surveys or detailed well planning. Much can be
gained from a detailed understanding of the thermal history of the Swiss Molasse Basin in terms of other resource
potentials, such as geothermal and saline aquifers for gas storage. Similarly, the occurrence of hydrocarbon
source rocks as well as the expulsion and migration paths to reservoirs have a major impact on operational safety
during subsurface activities. However, only very few well data have been published to date concerning the or-
ganic geochemistry of the source rock in the Swiss Plateau (MATTER et al. 1988, ELIE & MAZUREK 2008, LEU
2014). In order to evaluate the petroleum potential, samples from key intervals in the Lias and the Permo-Car-
boniferous units should be analysed for organic geochemistry (Rock-Eval pyrolysis) and maturity of the source
rocks at depth. In western Switzerland, vitrinite reflectance analysis (SCHEGG et al. 1997) should be repeated,
since the analytical tools and measuring techniques have evolved substantially. In central and eastern Switzer-
land, vitrinite reflectance measurements should be performed systematically. Some data from this area are al-
ready available (Benken-1, Herdern-1 and Weiach-1 wells; Nagra 2002) and will serve to calibrate the next
BPSM simulations.

The methodology and workflow now need to be applied to regions of Switzerland where data and samples from
additional wells are available. Currently, the Permo-Carboniferous, the Triassic and the Jurassic units are central
to unravelling the history of the Swiss Molasse Basin in terms of its resource potential. In detail, the following
wells should be the focus of this future study:

. Toarcian Posidonia shale: Berlingen-1 (TH), Courtion-1 (FR), Eclépens-1 (VD), Entlebuch-1 (LU),
Essertines-1 (VD), Hermrigen-1 (BE), Lindau-1 (ZH), Linden-1 (BE), Romanens-1 (FR),
Schafisheim (AG), Thun-1 (BE), Treycovagnes-1 (VD)

. Permo-Carboniferous: Entlebuch-1 (LU), Kaisten-1 (AG), Riniken-1 (AG), Treycovagnes-1 (VD),
Weiach-1 (ZH)

We requested access to the well of NAGRA (Kaisten, Riniken, Schafisheim, Weiach-1) and SEAG (Berlingen-
1, Eclépens-1, Entlebuch-1, Lindau-1, Linden-1, Romanens-1), in which we plan to sample the potential source
rock and reservoirs. Similar efforts are underway for the Cantons of Vaud, Fribourg and St. Gallen.

The following workflow steps of the UNCONGAS project will be applied to the entire Swiss Molasse Basin: 1)
sample analysis, 2) seismic Interpretation, 3) basin modelling, and 4) common risk segment maps.

— 80—



S1/5001098-01 UNCONGAS — Final Report

1) Sample analysis

This step covers the following activities (Figure 67):

e Petrographical characterization of the source rocks based on QEMSCAN analysis (qualitative and
quantitative analysis of minerals) and XRD analysis (recognition of the clay fraction). Results will
be correlated with the seismic facies analysis in order to identify preferential lithologies rich in
organic matter

e Organic (Rock-Eval pyrolysis, vitrinite reflectance, biomarker investigation) and inorganic (ICP-
MS) geochemical investigation of source rocks

e il and gas composition including carbon isotopic composition of gas in order to reveal their prov-

enance
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Figure 67: Summary of proposed analytical workflow to estimate the source-rock potential
of the Swiss Plateau.

2) Seismic Interpretation

The second part of the workflow focuses on the seismic interpretation (stratigraphic horizon mapping and struc-
tural analysis) of data that have not yet been interpreted. It will include seismic facies analysis of the stratigraphic
levels containing the source rocks as well as well-log correlations as shown in chapter 2. This part if the workflow
is crucial for:

. defining the spatial distribution and thickness of the potential source rocks and reservoirs

. extrapolating the seismic facies throughout the basin (specifically the ones containing source-rock
layers) and correlate these with petrographic studies of the analytical part of the workflow (Figure
67)

— 81—



UNCONGAS - Final Report

The determination of unconventional petroleum systems involves the identification of tight to very tight reser-
voirs (Figure 68a). Porosity and permeability values from the Greater Geneva Basin indicate that tight to very
tight reservoirs are distributed throughout the entire stratigraphic column, from the Lower Trias (Buntsandstein)
to the Oligo-Miocene Freshwater Molasse (Figure 68b). In central Switzerland, the Upper Muschelkalk dolo-
mites have been identified in past studies as a target for deep geothermal energy production and CO, storage
(Chevalier et al., 2010). The permeability and porosity of these dolomites tend to decrease with depth, probably
as a result of compaction and diagenesis, and signify that reservoirs are tight to very tight in the deepest portion
of the basin towards the south (Figure 68c). We also plan to sample potential reservoirs, in order to characterize
petrophysical properties (e.g. permeability and porosity) that will serve as input in the subsequent basin model-
ling simulation.
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Figure 68: (a) Type and permeability ranges of conventional and unconventional hydrocar-
bon reservoirs (modified from CSUR, 2012). (b) Porosity (%) and permeability (milli
darcy, mD) of potential reservoirs in the Greater Geneva Basin (RUSILLON 2018)
Ranges of permeability indicating tight and very tight unconventional reservoirs are
highlighted by coloured bars. (c) Average porosity and permeability —depth trend of
the Muschelkalk muddy dolomites in central Switzerland, according to different
method (see legend). Ranges of permeability indicating tight and very tight uncon-
ventional reservoirs are highlighted by the coloured bars (modified from ASCHWAN-
DEN et al. 2019).
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3) Basin and petroleum system modelling (BPSM)

The third part of the workflow involves the BPSM approach. According to the concept of BPSM, geological
models at small scale and at the whole basin scale are created, and then a simulation of the basin evolution is
performed by calibrating the paleo-heatflow and paleo-bathymetry (Figure 69). The paleo-heatflow is calibrated
by using a simple McKenzie crustal model based on the tectonic history of the modelled basin. The idea is to
develop two scales of basin modelling:

. Small-scale basin modelling in key selected areas from 1D to 3D;
. Large-scale basin modelling of the entire Swiss Plateau based on the GeoMol model.

The two types of models can be run parallel and improved incrementally each time new data are acquired for
refining the resolution of the model.
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Figure 69: Summary of proposed modelling workflows to estimate the unconventional po-
tential of the Swiss Plateau.

The purpose of the basin modelling in 3D is to predict the hydrocarbon generation and migration in a potential
reservoir. 3D basin modelling of the GGB is currently underway in order to improve the knowledge about the
source-rock maturation at depth, especially in the Toarcian Posidonia shale and the Permo-Carboniferous unit,
and to correlate the migration of hydrocarbons towards the surface with hydrocarbon seepages.

Thermal modelling is a complementary method for determining whether hydrocarbons (1) have been completely
expulsed by the source rock since their generation, (2) have migrated and accumulated in reservoirs or (3) have
been lost through the ground surface (as indicated by the abundant seeps in Switzerland). This modeling inte-
grates the 3D geological model, which determines the formation of traps, seals and fault migration paths, and the
geochemical parameters of the source rock, which in turn determine the timing of generation and expulsion of
the hydrocarbons from the kerogen.
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4) Common risk segment map of the Swiss Plateau (CRS)

CRS mapping and risking uses all available geological and exploration history data to create a view of the play-
scale risks and dependencies (Figure 70). This work is based on the play element mapping and uses the bounda-
ries (segments) that have been created.

The play is subdivided into segments having similar probability characteristics, and the boundaries indicate
changes in either geology or confidence (data quality and/or density). Probability values are assigned to each
segment.

The number of maps or chance factors that go into the CRS mapping may vary, but experience has shown that
play-level and prospect-level maps for reservoir, charge and entrapment are usually sufficient to describe the
risks:

. In play definition observations from basin focus are taken to determine the logical number of dis-
crete plays as well as the areal distribution of each play.

. A play test database is assembled to understanding what we know and where we know it, The goal
is to identify which wildcats had technical success or failure after testing the play and why key wells
failed. Geological boundaries of the petroleum system elements are shown by creating play element
maps of reservoir, charge and entrapment (lithologic and structural elements of the seal) and building
a summary play map. In the absence of sufficient calibration data, appropriate analogues for building
a model for the play are identified.

. In CRS mapping and risking play element maps and well data are used to define dependent and
independent risk factors within the proper confidence level. These maps are convolved to define the
play “sweet spots” and then “reality-checked” with the existing prospect portfolio.
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Figure 70: Example of Common Segment Risk map (not on scale). This tool shows the spatial
distribution of each petroleum play elements also known as segments (e.g. reservoir,
mature source rock, regional top seal and trap) and the results of their superposition
which helps in identifying the play sweetspots, i.e. where the likelihood of finding
hydrocarbon accumulations is higher. The occurrence of discoveries or hydrocarbon
field in the sweetspot area corroborates the indications resulting from the CSR map-
ping exercise.
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Annex 1

Strati- S1 S2 Ol (m
Wells Depth graphic ;E/?)C (mg  (mg 230?/15 I;IO((;r;g e COz/g( ¢ ?é?x PI
age HC/g) HC/g) TOC)

Humilly-2 2174 0.50 0.06 0.67 028 133 56 435 0.08
Humilly-2 2182 045 0.08 0.60 0.18 133 40 434  0.12
Humilly-2 2190 0.61 0.14 080 026 132 43 434  0.I5
Humilly-2 2200 0.54 0.08 051 026 94 49 433  0.14
Humilly-2 2212 ; 0.58 0.07 0.56 025 97 43 437  0.11
Humilly-2 2228 £ 043 0.06 0.64 023 149 54 435 0.09
Humilly-2 2230 ‘E‘ 0.62 0.07 076 023 121 36 439 0.08
Humilly-2 2232 1.56 038 349 029 224 19 438 0.10
Humilly-2 2234 0.67 0.14 1.06 025 158 37 437  0.12
Humilly-2 2236 153 037 493 027 322 18 441 0.07
Humilly-2 2238 432 141 21.80 0.63 505 15 443 0.06
Humilly-2 2240 429 1.18 20.65 0.65 481 15 441 0.05
Humilly-2 2250 0.57 0.08 0.69 0.19 120 34 441 0.10
Humilly-2 2252 - 047 0.10 0.62 050 132 107 439  0.14
Humilly-2 2270 % 0.68 0.06 056 0.19 82 28 438 0.10
Humilly-2 2290 S 0.63 0.07 0.89 025 142 40 443 0.07
Humilly-2 2310 § 0.83 0.08 095 041 115 49 444 0.08
Humilly-2 2330 a 0.57 0.07 066 026 117 47 440  0.10
Humilly-2 2342 062 0.05 053 025 86 41 441 0.09
Humilly-2 2360 037 0.04 027 021 73 58 438  0.13
Humilly-2 2400 = 033 0.05 026 020 80 61 440  0.16
Humilly-2 2440 ' 049 0.05 048 026 97 53 440  0.09
Humilly-2 2480 §> 059 012 057 029 97 50 441 0.17
Humilly-2 2500 ©n 0.51 0.06 046 023 89 44 442 0.12
Humilly-2 2520 042 004 035 024 85 57 439  0.10
Faucigny-1 4001.0 093 0.11 0.82 020 88 21 529  0.12
Faucigny-1 4007.0 1.02 0.13 075 026 74 26 518 0.15
Faucigny-1 4015.0 L’s’ 093 0.10 084 0.12 90 13 526  0.11
Faucigny-1 4020.0 5 103 010 076 019 74 19 527 0.12
Faucigny-1 4026.0 S 159 021 107 1.00 68 63 527 0.16
Faucigny-1 4027.0 156 0.19 059 022 38 14 515 024
Faucigny-1 4035.0 094 0.06 039 015 42 16 560 0.13
Chapeiry-1 3624.0 035 0.02 0.14 020 39 55 438 0.13
Chapeiry-1 3642.0 § 032 001 008 021 26 64 439 0.11
Chapeiry-1 3669.0 5 352 123 704 052 200 15 446  0.15
Chapeiry-1 3670.0 5 221 1.01 375 068 170 31 445 021
Chapeiry-1 3677.0 0.63 0.02 0.14 066 22 106 436  0.13
Chapeiry-1 3719.4 E g 146 030 174 040 119 28 445  0.15
Chapeiry-1 37198 S~ 033 033 030 025 89 76 426 052



Wels  Depin guphic 1€ (mg (mg M HImels o, " Tmax
age HC/g) HC/g) TOC)
Chapeiry-1 3720.9 139 221 412 057 297 41 410 035
Chapeiry-1 3722.7 329 334 652 036 198 11 442 034
Chapeiry-1 3728.8 415 3.05 648 053 156 13 442 032
Chaleyriat-1 480 £ 097 022 208 033 215 34 428  0.10
Chaleyriat-1 510 = 079 0.04 123 031 157 39 435  0.03
Chaleyriat-1 560 = 0.76 0.04 093 048 121 63 431  0.04
La Chandeliere 1130.0 Toarcian 021 0.05 030 064 144 310 427 0.14
La Chandeliere 1150.0 030 0.05 047 054 156 180 432 0.10

Rock-Eval pyrolysis results of samples from Liassic sections in the studied wells. Samples between brackets con-
tain less than 0.5 % of TOC and are not plotted in the graphs.



Annex 2

. . 1 2 HI (0]
Wells Depth g;reatlgraphlc (TO%C (Smg (sz (Srig grég/g (Cn(ljgz /e (];réljax PI
HC/g) HC/g) COyg) TOC) TOC)

Humilly-2 3039.8 1.12 0.10 0.85 0.15 76 13 449  0.11
Humilly-2 3040.7 Carboniferous 1.11 0.09 0.61 0.16 55 15 465 0.13
Humilly-2 3049 023 0.11 037 1.08 161 470 461 0.23
La Chandeliere 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 1798.0 510 030 4.69 0.51 92 10 430  0.06
Charmont-1 1825.0 22.57 1.50 4425 5.63 196 25 435  0.03
Charmont-1 1892.0 31.81 2.28 69.39 850 218 27 433  0.03
Charmont-1 1894.0 Carboniferous 54.85 3.88  126.84 591 231 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 7.19 033 643 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

Rock-Eval pyrolysis results of Carboniferous sections in the studied wells



Annex 3

Well Sample Age U(ppm) TOC [%]
HU2 2174 1.7000 0.5035
HU2 2212 2.0000 0.5772
HU2 2228 3.0000 0.4278
HU2 2230 , 2.2000 0.6248
HU2 2234  Loareian 2.6000 0.6694
HU2 2236 4.4000 1.5300
Humilly-2 HU2 2238 5.0000 43183
HU2 2240 4.6000 42918
HU2 2252 . _ 2.5000 0.4693
HU22310  lemsbachian ) oo 0.8271
HU2 2360 2.2000 0.3674
HU22440  Sinemurian  2.3000 0.4938
HU2 2500 2.0000 0.5137
CHY 3624 15 0.3538
CHY 3642 13 0.3201
CHY 3669 Upper Lias 5.1 3.5189
CHY 3670 33 22063
, CHY 3677 22 0.6256
Chapéry-1 CHY 3719.4 47 1.4592
CHY 3720.8 0.4 0.3328
CHY 37209  Lower Lias 22 1.3856
CHY 3722.7 4.1 3.2874
CHY 3728.8 44 4.1451
FAY 4001 27 0.9322
FAY 4007 22 1.0191
FAY 4015 _ 23 0.9344
Faucigny-1 FAY 4020 ngman Toar- s 1.0262
FAY 4026 24 1.5858
FAY 4027 27 1.5554
FAY 4035 28 0.9427
CYT 480 2 0.9675
Chaleyriat-1 CYT 510 Lias 23 0.7869
CYT 560 24 0.7644
LCD 1130 1.1 0.2059
La Chandeliére-1D Lias
LCD 1150 1.1 0.2991

Uranium content (in ppm) of the Lower Jurassic samples and their respective TOC (in %).
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Annex 6

Components Units SAT1  SAT2 SATI SAT2

[100 pl] [200 pl]
Hydrogen [Vol%)] nd nd
CO [Vol%)] 0 0
CO2 [Vol%] 0 0
O2+Ar [Vol%)] 3.16 4.09
Nitrogen [Vol%] 11.55 14.86

vol. % in 100 pL.  vol. % in 200 pL

Methane [ppm] 2660 6114 53.2 61.14
Ethane [ppm] 14.8 34.5 0.3 0.35
Ethene [ppm] 0 0 0 0
Propane [ppm] 6.5 14.7 0.13 0.15
Propene [ppm] 0 0 0 0
i-Butane [ppm] 4.9 11.2 0.1 0.11
n-Butane [ppm] 1.6 3.7 0.03 0.04
i-Pentane [ppm] 1.1 2.6 0.02 0.03
n-Pentane [ppm] 0 0.6 0 0.01
i-Hexane [ppm] 1.5 1.6 0.03 0.02
n-Hexane [ppm] 0.4 0.5 0.01 0.01
C1/(C2+C3) 1249 1243
d813C-CH4 [ %o VPDB] -52.5
S13C-C2H6 [ %o VPDB] -23.5
S13C-C3H8 [ %o VPDB] -21.4
62H-CH4 [ %0 SMOW] -231

Chemical components and isotopic composition of the gas retrieved from Satigny. Sample SAT1 and SAT2 comes
from the same gas accumulation, retrieved at few minutes interval. C1/C2+C3 is a usual term to count the amount
of carbon atoms in CnHn+2 molecules, obtained by dividing the amount of CH4 above the sum of C2H6 and

C3H8.
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Well logs used to calibrate the seismic data interpolation, where the Lias unit boundaries were defined. Where possible, the Toarcian black-shale unit (Posidonia) was identified (thin blue lines).
On the lower right corner: interpolated depth map of the Lias unit (meters) and location of the wells shown in the figure.
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