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Abstract

The European Organization for Nuclear Research (CERN) is currently undertaking a feasibility study to build the next-
generation particle accelerator, named the Future Circular Collider (FCC), hosted in a 90-100 km subsurface infrastruc-
ture in the Geneva Basin, extending across western Switzerland and adjacent France. This article represents a prelimi-
nary, basin-scale stratigraphic and lithotype analysis using state-of-the-art Swiss and French stratigraphic terminology,
set in context with the FCC. Existing stratigraphic information, rock cores and well reports, laboratory analyses and
geophysical well-logs from 661 wells representative for the construction area have been integrated to pave the way
for a multidisciplinary approach across several geoscientific and engineering domains to guide the FCC's upcoming
technical design phase. Comparisons with well-log data allowed the identification of rock formations and lithotypes,
as well as to formulate a preliminary assessment of potential geological hazards. Regional stratigraphic evaluation
revealed the FCC's intersection of 13 geological formations comprising 25 different lithotypes across the Geneva
Basin. A lack of data remains for the western to south-western subsurface region of the FCC construction area shown
by well-density coverage modelling. The main geological hazards are represented by karstic intervals in the Grand
Essert Formation’s Neuchatel Member, Vallorbe and Vuache formations, associated to fractured limestone lithotypes,
and Cenozoic formations represented by the pure to clayey sandstone-bearing Transition zone and Siderolithic For-
mation. Potential swelling hazard is associated to the presence of anhydrite, and claystone lithotypes of the Molasse
Rouge and Grés et Marnes Gris a gypse formations, yielding up to 17.2% of smectite in the Molasse Rouge formation.
Hydrocarbon indices in both gaseous and bituminous forms are encountered in the majority of investigated wells,
and bear a potential environmental hazard associated with the Molasse Rouge deposits and fractured limestones of
the Mesozoic Jura formations.

Keywords: Lithotypes, Geophysical well-logs, Laboratory analyses, Field data, Tunnelling, Swelling, Karst, Future
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1 Introduction

The construction of subsurface infrastructure has gained

increasing public attention, as manifested by the Got-
thard, Lotschberg and Brenner Base tunnels, following

L T e, SXenshve geological investigatons prior to construc
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Thalmann, 1996; Voit, 2013; Voit et al., 2015; Ziegler &
Isler, 2013) and environmental impact assessment stud-
ies (e.g. Haas et al. 2020a, b). Despite their purpose being
commonly aimed at transport infrastructure, tunnelling
constitutes an essential part of construction operations
for large underground laboratories. Extensive subsur-
face tunnel excavations have been part of engineering
solutions for the Large Electron Positron (LEP) particle
collider built in 1988 for the European Organization of
Nuclear Research (CERN) across the Swiss and French
border close to the city of Geneva (Switzerland) as well
as for its successor, the Large Hadron Collider (LHC).
The LHC used LEP’s existing subsurface infrastructure
and extended it by the construction of A Toroidal LHC
ApparatuS (ATLAS) and Compact Muon Solenoid (CMS)
particle detector caverns for first particle collisions in
2008. Simultaneous stipulations agreed on an upgrade
of the LHC, named the High-Luminosity Large Hadron
Collider (HL-LHC), adding larger caverns and extending
tunnel galleries to the existing ca. 27 km LHC subsurface
infrastructure, to be scheduled for first physics experi-
ments in 2027 (Voiron et al., 2020).

For high-energy particle collision experiments, CERN
initiated a feasibility study in 2013 aiming at a next-gen-
eration particle accelerator, the Future Circular Collider
(FCCQ), to be hosted in a new 90-100 km-long, quasi-cir-
cular subsurface infrastructure within the Geneva Basin,
starting construction after 2030. An essential part of the
FCC’s current feasibility phase is a thorough understand-
ing of the subsurface conditions for tunnelling construc-
tion, usage and disposal of an estimated ca. 10 million m?
of excavated regolith, rock and soil, and the assessment
of geological and environmental hazards (Haas et al,
2020a, b; Haas et al., 2021). In its current construction
layout across the Swiss-French geographical area defined
herein as the Geneva Basin (GB), about 90% of the FCC’s
encountered rock is estimated to be represented by inter-
stratified sandstone, marlstone, and conglomerate attrib-
uted to the Oligocene Molasse Rouge and Grés et Marnes
Gris a gypse formations, 6% by Mesozoic limestone for-
mations of the Jura and marly freshwater limestone as
part of the Molasse Rouge formation, and 4% by uncon-
solidated morainal debris of Quaternary age. In this study
the term Geneva Basin is used in a geographical con-
text (Moscariello, 2019), emphasizing the region around
the city of Geneva as part of the western Swiss Molasse
Basin and its surrounding French departments Ain and
Haute-Savoie.

During the past decades, the GB has been the subject
of vast geological research with a strong focus on hydro-
carbon exploration from the 1970s to the 1990’s (Bach-
mann et al,, 1982; Lemcke, 1967), as potentially economic
reservoirs were identified in the Austrian and German
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Molasse basins as part of the Northern Alpine Foreland
Basin (NAFB) (Bartenstein, 1978; Berger, 1996; Brink et al.,
1992; Doppler, 1989; Gross et al., 2018; Gusterhuber et al.,
2014; Sachsenhofer et al., 2010; Schulz et al., 2002; Weh-
ner et al., 1983; Ziegler, 1990). This early phase of applied
research was followed by renewed interest for groundwa-
ter resources (Keller, 1992) and hydrocarbon distribution
(Do Couto et al., 2021). Much predictive and interpretive
research on the regional geology and stratigraphy has been
guided by concepts linking the evolution of orogenic pro-
cesses to foreland-basin stratigraphic and depositional evo-
lution (Sinclair & Allen, 1992; Sinclair et al., 1991). During
the past decade, research has concentrated on the potential
importance of carbonate formations for geothermal explo-
ration and subsurface heat storage (Chelle-Michou et al,,
2017; Clerc et al., 2015; Makhloufi et al., 2018; Moscariello,
2018, 2019; Moscariello et al., 2020; Rusillon, 2018). Based
on these extensive scientific and industrial explorations,
available well-log and rock core datasets from adjacent
basins have been accumulated to decipher the stratigraphic
evolution, phases of basin uplift and erosion (Amir et al.,
2020; Brink et al., 1992; Kaelin et al., 1992).

Despite a recent classification into six geotechnical
classes (sandstones and marls) based on rock mechan-
ics tests on Molasse Rouge samples taken during CERN’s
HL-LHC’s construction (Fern et al., 2018), a distinct
lack of stratigraphic analyses and lithotype identifica-
tion remains for depths ranging from 0 to 1’000 m above
sea level (m ASL) in the GB’s subsurface, compared to
the knowledge amassed on corresponding sectors of the
NAFB in Austria, Germany, eastern Switzerland and
eastern France (e.g. Amir et al.,, 2020). This lack of high-
resolution information on stratigraphy and lithotypes for
the GB’s formations greatly hampers subsurface predic-
tion for applied purposes, such as the FCC construction.

In particular, geo-engineering hazards such as swell-
ing rocks, karstic intervals, aquifer horizons and presence
of hydrocarbons considering environmental impact, and
active fault regimes have remained undeciphered for the
GB. Swelling depicts a significant hazard when tunnelling
in clay-rich sedimentary deposits (Anagnostou, 1993;
Anagnostou et al, 2010; Einfalt et al., 1979; Einstein,
1996; Koviri et al., 1987) and has led to severe problems
at tunnel construction sites worldwide, e.g. in the Jura
of Switzerland and France, southern Germany, Spain,
Poland, Italy and the U.S.A. (Alonso & Olivella, 2008;
Berdugo et al., 2009; Kovari et al., 2002; Steiner, 1993;
Vrakas & Anagnostou, 2016; Yilmaz, 2001). Another type
of geological hazard is posed by karstic features that have
caused water flooding at several subsurface construction
sites (Alija et al., 2013; Li et al.,, 2020; Lv et al., 2020; Su
et al., 2021), while aquifer tables and associated ground-
water flow (Butscher et al., 2011; Hasegawa et al., 1993)
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have been well integrated in required environmental
impact assessment studies (Huang et al., 2015) and con-
template together with seismic activity (Rehbock-Sander
& Jesel, 2018) distinct hazards for subsurface construc-
tion projects.

This article aims to provide a detailed evaluation of the
shallow subsurface across the Geneva Basin (Fig. 1) by
reviewing existing stratigraphic and geophysical well-log
data from former research and industrial activities pre-
ceded by their digitization and associated sedimento-
logical and petrographical descriptions of lithotypes by
means of inspected core material. This yet unpublished
data are further integrated with performed mineralogi-
cal, geochemical and petrophysical laboratory analyses in
order to (1) infer potential geological hazards, (2) estab-
lish a robust predictive approach addressing engineering
uncertainties, and (3) optimize well placement prior to
site investigations within the scope of the FCC’s transi-
tion into the subsequent technical design phase in the
upcoming years.

2 Geological setting
The western part of the Northern Alpine Foreland Basin
(NAFB) has been thoroughly investigated along coun-
try borders, which makes it common to use different
geographical terms in the literature, such as the Bas-
sin Franco-Genevois or Savoy Molasse Bassin (Deville
et al, 1994) in French-speaking countries when refer-
ring to the westernmost Swiss Molasse Basin (SMB) and
to the adjacent French Molasse Basin (FMB). This article
uses the term Geneva Basin (GB) (Moscariello, 2019) to
emphasise the geographical area as part of both the SMB
and FMB, and is bordered by the Jura mountains in the
north/northwest, the Prealps in the east, the Saleve mas-
sif in the south and the Vuache Fault system in the south/
southwest. Stratigraphically, the Geneva Basin covers the
Molasse and Quaternary deposits of the SMB and FMB,
as well as the sediments of the Jura, and is delimited by
the latter and by the Helvetic and Penninic units.

The following sections first derive the tectonic evolu-
tion of the NAFB and the Mesozoic deposits of the Jura,
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followed by a stratigraphic description related to the GB
marking the essential geological formations intersected
by the FCC. A profound understanding of the spatial dis-
tribution of Mesozoic, Molasse and Quaternary deposits
and of the temporal succession of depositional paleoen-
vironments are crucial for subsurface geo-engineering
prospection in view of the construction of the FCC. This
allows a reasonable extrapolation of the lithostratigraphic
and lithological/-technical information (lithotypes) from
available wells to nearby areas that have not yet been
investigated directly in the subsurface.

2.1 Tectonic evolution of the Northern Alpine Foreland
Basin (NAFB)

The NAFB is located north of the Alps and extends
approximately from Lake Geneva (Lac Léman) in
western Switzerland, across Bavaria in southern Ger-
many, to the east towards Vienna in Austria, reaching
up to 700 km in lateral extent for its Oligocene—Mio-
cene infill (Kempf & Pross, 2005). The NAFB evolved
from a foredeep to a negative-alpha basin controlled
by rollback mechanisms of a proposed European slab
(Schlunegger & Kissling, 2015) during the Paleogene
and Neogene due to flexural bending of the European
Plate under increasing orogenic load by the advanc-
ing Alpine thrust wedge (Allen et al., 1991; Burkhard
& Sommaruga, 1998; Homewood et al., 1986; Karner
& Watts, 1983; Pfiffner, 1986, 2021). The term “nega-
tive-alpha” describes a basin that formed on top of an
orogenic wedge (Fuller et al., 2006; Willett & Schluneg-
ger, 2010). The NAFB’s tectonic origin relates to crus-
tal loading in proximity of the uplifting Alpine orogen
(Mock & Herwegh, 2017; Schlunegger & Mosar, 2011).
The basin and the associated orogenic belt show dif-
ferent tectonic patterns along their east—west extent,
distinguishing Swiss, southern German and Austrian
sectors (Willett & Schlunegger, 2010). Sommaruga
et al. (2012) described a notable decrease in structural
complexity expressed in Mesozoic lithologies from
west to east along the NAFB, substantiated by differ-
ent deformation styles. In the western, wedge-top part

(See figure on next page.)

Fig. 1 A Overview of tectonic realms in the Geneva Basin for the FCC construction with analysed well and outcrop locations. Geophysical well-logs
were digitized and analysed together with available rock core data from these wells. See Table 1 for well numbers and full well-IDs. The overlying
Quaternary deposits are neglected for increased readability. The blue line depicts cross section A, the green line refers to cross section B (Figs. 5, 6).
Note that the Saleve and Mandallaz limestone as commonly referred to in technical reports are part of the Jura. FTB fold-and-thrust belt. B The white
profile X-Y displays a large-scale cross section through the Geneva Basin and is based on chronostratigraphic units representing the vertical and
spatial relationships of age-defined packages of lithologies in a geo-historical picture. The FCC's current subsurface tunnel alignment is currently
foreseen at a depth interval between 100 to 300 m ASL. The Burdigalian Molasse belongs to the Upper Marine Molasse and is hereby noted Marine
Molasse. Data compiled, amended and modified after Bachmann & Muiller, 1991; Charollais et al., 2013; Clerc & Moscariello, 2020; Deville et al,, 1994;
Haqg et al,, 1987; Kuhlemann & Kempf, 2002; Lemcke, 1988; Mastrangelo & Charollais, 2018; Moscariello, 2019, 2021; Zweigel et al., 1998
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of the basin, thrusting and long-wavelength, evaporite- comprised of normal faults related to Jurassic exten-
cored detachment folds relate to thin-skinned detach- sion and subsidence of the epicontinental European
ment tectonics (Sommaruga, 1999, 2011; Sommaruga shelf (Sommaruga et al, 2012; Stauble & Pfiffner,
et al., 2012), whereas the eastern, non-detached partis 1991; Wetzel et al., 2003). The Fernschub hypothesis,
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originally proposed by Buxtorf (1916), confirmed a
detachment of foreland sediments along a Triassic
evaporite unit (Laubscher, 1961), leaving the SMB as
the NAFB’s westernmost area relatively undeformed
compared with its conjugate eastern German and
Austrian equivalents. Predominant conjugate NNE-
SSW and NW-SE-trending strike-slip fault zones cut
the western SMB and extend into the Jura fold-and-
thrust belt (FTB), e.g. Vuache Fault (Fig. 1) (Gorin
et al., 2003; Ibele, 2011; Sommaruga, 1999), limited to
the sedimentary cover (Courboulex et al., 1999; Thou-
venot et al., 1998). Therefore, the Alpine orogen forms
a tapered, double-vergent wedge to the NN'W and SSE,
with both the Jura FTB and SMB being decoupled
from the basement over a basal décollement (Mosar,
1999). The Vuache and Dent de Vaulion Fault systems
extend from the SMB into the Jura and are conjugate
with SE-NW-striking dextral faults (Burkhard, 1990;
Burkhard & Sommaruga, 1998; Sommaruga, 1997,
1999, 2011; Sommaruga et al., 2017). The Mesozoic
deposits of the Jura form the substrate of the Cenozoic
NAFB, which lies passively on top (cross-section X-Y
in Fig. 1). Today both the Mesozoic and the Cenozoic
deposits structurally form a single tectonic unit. From
a tectonic point of view, there are two major struc-
tural units in the impacted FCC construction area: the
Mesozoic of the Jura plus the Cenozoic (Molasse) of
the Geneva Basin in the northwest, and the thrusted
Mesozoic of the Saleve plus the Cenozoic (Molasse) of
the Bornes Plateau in the southeast. The geographical
GB is tectonically delimited by the Jura and the Meso-
zoic sedimentary Helvetic and Penninic units, and is
internally divided into two tectonic subunits, the Pla-
teau Molasse and the Subalpine Molasse, respectively
(Burkhard, 1990; Mock & Herwegh, 2017; Pfiffner,
1986). The slightly deformed Plateau Molasse is up to
50 km wide and is affected by faults and folds (Gorin
et al., 2003), with exemptions towards the west sug-
gesting a convergence of Alpine and Jura structures
(Burkhard, 1990). This required progressive sedimen-
tation within the basin to guarantee mechanical integ-
rity (Fuller et al., 2006). Thrusting of the Subalpine
Molasse started in the Oligocene (Schlunegger et al.,
1997) and lasted until approximately 5 Ma (Von Hagke
et al., 2012). After an early deformation phase in the
Late Oligocene (Kempf & Pross, 2005; Kuhlemann &
Kempf, 2002), principal tectonic shortening occurred
in the Jura FTB between 12 and 4 Ma (Becker, 2000),
followed by progressive minor deformation in Plio-
cene—Quaternary times (Madritsch et al., 2010).

Two predominant hypotheses persist on the creation
of accommodation for Molasse deposits: the first one is
the argument of sea-level changes impacting sediment
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supply, reflected by the two mega-sequences of marine
to terrestrial deposits (Bachmann & Miiller, 1991, 1992;
Lemcke, 1984); the second one attributes the main
role to tectonics and Alpine uplift in driving sediment
accumulation, whereby the establishment of terrestrial
environments would have followed increased sediment
supply from the orogen, and marine conditions would
have been tied to lesser sediment influx (Kuhlemann,
2000; Oxburgh, 1981; Schlunegger & Hinderer, 2001;
Schlunegger et al, 2001). Both hypotheses hinge on
sediment supply as proximate control on patterns of
deposition (Kuhlemann & Kempf, 2002; Schlunegger
& Mosar, 2011). For the Central Alps, a third hypoth-
esis favours a slab-rollback mechanism to explain
foreland plate flexure and accommodation space crea-
tion (Schlunegger & Kissling, 2015), substantiated by
a delayed rebound-type, erosional response to surface
uplift, and represented by larger sediment fluxes and
shifts to more proximal facies (Schlunegger & Castell-
tort, 2016). Large sediment influx could have controlled
the establishment of (fluvial) fans. These fans further
prograded over several tens of kilometres, merging
distally with an axial fluvial system, which linked the
Tethys to the Black Sea (Kuhlemann & Kempf, 2002;
Sinclair et al., 1991).

Early post-collisional Alpine history was character-
ized by increased sedimentation rates at the Rupelian/
Chattian transition, attributed to isostatic readjust-
ment (Kuhlemann et al., 2002). Further increases in
sedimentation rate took place later during the Aquita-
nian (23-21 Ma) and late Burdigalian (ca. 18—-16.4 Ma),
followed by decreased rates in early to middle Burdi-
galian (21-19 Ma) and Langhian to Serravalian times
(16.4—-12 Ma) (Kuhlemann et al., 2002). While the
swift increase in sediment discharge in the Eastern
Alps is explained by the termination of E-W extension
(Dunkl & Demény, 1997) and subsequent minor uplift
recorded by a regional regression (Winkler-Hermaden,
1958), the Western Alps record a rather slower reduc-
tion (Kuhlemann et al., 2002) due to extensional tec-
tonics (Pfiffner, 1986; Schlunegger, 1999; Schmid et al,,
1996). Basin inversion of the SMB between 11 and
10 Ma (Kaelin, 1997) changed the drainage pattern
to an easterly direction and was intensified by folding
and thrusting of the Swiss Jura Mountains (Kuhlemann
et al.,, 2002). Still ongoing basin uplift started in latest
Miocene times in the Swiss and Western Alps (Kuhle-
mann et al., 2002).

2.2 Stratigraphic framework of the Swiss Molasse Basin

The Jura and the Swiss Molasse Basin (SMB) consist of
folded Mesozoic and Cenozoic successions, which are
detached from the pre-Triassic basement (Sommaruga,
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1997). During the Mesozoic, the Jura and the western
SMB were part of the Alpine Tethys passive margin and
comprised approximately 2 km of alternating limestone
and marl (Sommaruga et al.,, 2012). Oligocene and Mio-
cene alternating fluvial, lacustrine and marine Molasse
sediments onlap the underlying Mesozoic rocks towards
the northwest (Sommaruga, 1997, 1999; Sommaruga
et al,, 2012). For the present study and the GB’s geo-
graphical realm, the Jura’s subdivision into the external
and internal Jura domains plays an important role, while
the third subdivision as the Tabular Jura is significant
for the realms only around the southern Black Forest
and Vosges basement. With the external Jura consist-
ing of flat areas and plateaus delimited to the north, the
internal Jura, also referred to as folded Jura or Haute
Chaine, represents thrust-related folds and sinistral
faults, whose orientation gradually changes from a N-S
in the eastern Jura to a WNW-ESE direction in the west-
ern Jura (Sommaruga, 1997, 1999). The Mesozoic for-
mations describe the general evolution from a shallow,
peritidal platform to deep-water shelf environments
followed by the evolution of a carbonate platform, and
its subsequent drowning in order to prevail in pelagic
conditions (Sommaruga, 1997; Strasser et al., 2016).
Lower Cretaceous units, formerly termed Urgonien, are
dominated by carbonate sedimentation, and marked by
increasing clastic input associated to Valanginian sea-
level fall (Haq, 2014). Variations of relative sea-level of
both tectonic and eustatic origin drastically controlled
the development of depositional environments. The
common lateral and vertical changes in facies and sedi-
mentation rates as well as numerous hiatuses within
the formations witness a complex interplay of tecton-
ics, climate, and sea level that controlled the Jura dur-
ing the Cretaceous (Strasser et al., 2016). One of these
hiatuses reflects 72 My separating rocks of Aptian age in
the GB (Brentini, 2018; Rusillon, 2018) from the overly-
ing Siderolithic Formation of proposed Late Eocene age
(Charollais et al., 2007). This hiatus resulted probably
from subaerial exposure and consequent development
of an erosive and deep karst system at the top of the
Mesozoic series, which play a predominant role in the
aquifer drainage systems of the Cretaceous and Jurassic
limestone across the GB (Moscariello, 2018), as well as
for 6% of the FCC’s current subsurface perimeter.

The infill of the SMB comprises two regressive, coars-
ening-upward sedimentary mega-sequences, each
marking a transition from marine to continental con-
ditions (Matter, 1980; Sinclair & Allen, 1992; Sinclair
et al., 1991). The two mega-sequences are composed of
four predominant lithostratigraphic units (Matter et al,,
1980; Lemcke, 1988), namely the Lower Marine Molasse
(LMM), the Lower Freshwater Molasse (LFM), the Upper
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Marine Molasse (UMM) and the Upper Freshwater
Molasse (UFM). Informal terms often used in a regional
context of the LEM also refer to the Molasse Rouge and
Marnes bariolées as well as the Grés et Marnes Gris d
gypse, whereas the latter shows an increased content of
gypsum (Haas et al., 2020a). For the northern/northeast-
ern SMB, Freshwater-Brackish Molasse (SBM) evolved
between the UMM and UFM (Bachmann & Miiller, 1992;
Lemcke et al., 1953). The eastern German and Austrian
Molasse basins were subjected to marine conditions
until Burdigalian times (Lemcke, 1984), which makes the
LFM terminology for terrestrial deposits only reason-
able for the SMB and western Bavaria due to prevailing
marine conditions to the east (Kuhlemann & Kempf,
2002). The total sedimentary cover in the western SMB
consists of up to 5000 m of Mesozoic and Cenozoic suc-
cessions overlying the basin’s crystalline basement (Clerc
& Moscariello, 2020; Gorin et al., 1993). Molasse depo-
sition started in the Rupelian (34-30 Ma) as LMM and
Chattian to Aquitanian (30 — 20 Ma) as LFM, respec-
tively (Strunck & Matter, 2002), marking the transition
from an underfilled to an overfilled foreland basin (Erdds
et al, 2019; Sinclair & Allen, 1992). A Burdigalian (20
— 17 Ma) transgression that established the “Burdiga-
lian Seaway’, was probably caused by reduced sediment
discharge (Kuhlemann & Kempf, 2002) and marked the
start of the second mega-sequence, with accumulation
of the UMM (Keller, 1989, 1992) under marine condi-
tions onto a truncated surface of LFM (Allen et al., 1991;
Herb, 1988; Kempf & Pross, 2005; Matter, 1980; Sinclair
& Allen, 1992). Molasse deposition in the Langhian to
Serravallian (<17 Ma) accumulated fluvial floodplain
and braidplain to lacustrine siliciclastics of the UFM in
an overfilled basin, terminating marine conditions (Diem,
1986; Sinclair & Allen, 1992). Fluvial deposits of large
alluvial megafans not only in the western SMB, but par-
ticularly in the central/eastern SMB were formed during
the overfilled stage (Frisch et al., 1998; Kaelin & Kempf,
2009; Ortner et al., 2015; Schlunegger & Castelltort,
2016) despite decreasing sediment discharge until 11 Ma
(Kuhlemann & Kempf, 2002). After 11 Ma, sedimenta-
tion terminated in the western part of the NAFB due to
folding and uplift of the Swiss Jura (Kuhlemann & Kempf,
2002). The Freshwater units (LFM and UFM) were accu-
mulated in terrestrial settings, consisting mainly of allu-
vial and fluvial-fan deposits along the southern basin
margin and fluvio-lacustrine sediments in the central
and external parts of the SMB (Kempf & Pross, 2005).
Kilometre-thick conglomerate successions were depos-
ited by alluvial fans at the basin margin, while sand- and
mud-dominated successions extended farther basinward
(Kempf & Matter, 1999; Schlunegger et al., 1997; Spiegel
et al., 2001). Marine units are predominantly composed
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of shallow-marine siliciclastics deposited in tide- and
storm-influenced environments (Kempf & Pross, 2005).
To the east, the SMB persisted in an underfilled stage
until at least 17 Ma, when sedimentation of sandstone
and marlstone occurred under brackish to shallow-
marine conditions (Hinsch, 2013; Lemcke et al., 1953;
Mock et al., 2020). Alluvial fans were missing in the east-
ern part of the NAFB due to the paleo-Inn river trans-
porting clastic debris further to the east (Frisch et al,,
1998; Kuhlemann & Kempf, 2002). During UFM depo-
sition, sediments originated from the central Alps and
from massifs adjoining to the basin (Fiichtbauer, 1959).
Molasse and Quaternary deposits accumulated on top
of 2 km of Lower Triassic to Upper Cretaceous shallow-
marine sediments, which are not outcropping in the east-
ern SMB (Charollais et al., 2007, 2013; Sommaruga, 1997;
Sommaruga et al., 2012).

The identification of the four Molasse lithostratigraphic
units was based on biostratigraphic, magnetostrati-
graphic and palynostratigraphic data that constrained the
marine to terrestrial transition (LMM to LFM) to about
31 Ma for the Wilhelmine Alpes section in the German
Molasse Basin (Kempf & Pross, 2005). Magnetostrati-
graphically correlated sections from central and eastern
Switzerland indicate a diachronous regression of the
LMM between 31.5 and 30 Ma during the LMM, asso-
ciated with enhanced clastic input from the rising Alps
(Kempf & Pross, 2005). Biostratigraphic information
confirms a Chattian age for the equivalent LMM-LFM
transition in the German Molasse Basin (Reichenbacher
et al., 2004; Uhlig et al., 2000). Magnetostratigraphic data
of the LFM-UFM resulted in a calibration chart for the
NAFB within a timeframe of 28—13 Ma (Kempf & Matter,
1999; Kempf et al., 1997; Schlunegger et al., 1996; Strunck
& Matter, 2002).

A drastic base-level drop (Brenchley, 1992; Lem-
cke, 1988) of possible eustatic origin occurred around
28.5 Ma (Abreu & Anderson, 1998; Haq et al., 1987) and
caused an LMM regression towards the east (Bachmann
& Miiller, 1992; Lemcke, 1988; Zweigel et al., 1998). The
LMM and lowermost LFM lithostratigraphic succes-
sions define a shallowing trend towards the top, indi-
cated by an increase in sediment grain size (Diem, 1986).
The LMM-LFM transition in the western SMB is part
of the Subalpine Molasse, documenting conditions at
the southern basin margin (Kempf & Pross, 2005). The
study by Kempf and Pross (2005) emphasised the role of
sediment supply for the transition of marine to terres-
trial sedimentation in the northern Alpine foreland. In
contrast to its eastern continuation, the western SMB
lacks UFM units, which suggests complete erosion of
this lithostratigraphic unit. Several researchers derived
erosion thickness maps for the Late Miocene and
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post-Miocene times using apatite fission tracks, vitrin-
ite reflectance, shale compaction and porosity measure-
ments (Kaelin et al., 1992; Mazurek et al., 2006; Schegg,
1993); Cederbom et al. (2004) proposed erosion up to
1,500 m for the Swiss Molasse Plateau and 3’000 m for
the Subalpine Molasse as part of the SMB. They further
mark the onset of erosion at 5 Ma, shortly before tec-
tonic basin inversion.

In the GB, the Cenozoic succession consists explicitly
of Oligocene to Early Miocene LEM deposits. The overly-
ing UMM is found in the adjacent Bellegarde and Rumilly
basins to the west and southwest of the Vuache Fault
(Amir et al., 2020; Charollais et al., 2007; Paolacci, 2012).
At the Bornes Plateau, the thrusted Subalpine Molasse is
encountered at the front of the Subalpine units (Charol-
lais et al., 2007; Paolacci, 2012) continuing in front of the
Prealpine units into the Lake Geneva encountering lacus-
trine sediments as inferred from seismic data (Dupuis,
2009). Accumulation of Molasse sediments took place
during Jura deformation and in Late Miocene as the basin
was detached from its basement (Cederbom et al., 2008).
This suggests that erosion did not start before Pliocene
times (Cederbom et al., 2004), but was associated to the
10—4 Ma Jura FTB shortening phase (Ziegler & Fraefel,
2009). These Molasse deposits are composed of sand-
stone, marl and intercalations of anhydrite/gypsum and
conglomerates (Wildi et al., 2017) tied to erosion of the
Western Alps (Oxburgh, 1981), sea-level changes (Bach-
mann & Miiller, 1992) or possibly a combination of both
(Schlunegger & Mosar, 2011). They constitute more than
90% of the subsurface domain to be intersected by the
FCC'’s current layout.

Glacial erosion and deposition shaped the central
part of the GB during the Middle and Late Pleistocene
(Arn, 1984). Associated Quaternary deposits comprise
the GB’s cover as intersected by about 4% of the cur-
rent FCC subsurface layout. A recent revision of the old
nomenclature for Switzerland’s glacial periods (Giinz,
Mindel, Riss, Wiirm) introduced the terms post-glacial
and interglacial deposits with a new stratigraphic clas-
sification taking into account not only lithological but
also geomorphological features of these deposits (Graf
& Burkhalter, 2016). A distinct geomorphological ele-
ment in the GB depicts the Petit Lac at the southwest-
ern termination representing the remains of a subglacial
tunnel valley, which formed underneath the Rhone Gla-
cier by subglacial meltwater (Fiore, 2007; Moscari-
ello, 1996; Moscariello et al., 1998; Van der Vegt et al.,
2012). Borehole data gave hints that the Rhone Glacier
was responsible for incising and removing older Qua-
ternary sediments reaching the underlying Molasse
deposits during the Last Glacial Maximum (LGM). In
the subsurface, this incision deviates towards the SE. On
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the surface, the buried incision is observed by the nar-
row Aire valley reflecting a branch of the Arve River
located SE of the elongated Molasse ridge (Bernex). It is
assumed that the Rhone Glacier tunnel valley was gradu-
ally filled by a thick succession of proglacial lake depos-
its (Moscariello, 1996) and accumulated in the large lake
formed at the front of the melting LGM glacier (Mos-
cariello, 2018). The downstream segment was filled with
a mixed succession of subglacial, lacustrine, and progla-
cial deposits generated by the Arve Glacier (Moscari-
ello, 2018). Low-relief ridges, perpendicular to the main
valley axis represent the subaqueous frontal moraines
formed during temporary re-advances of the glacier dur-
ing the glacial withdrawal phase. Large, flat-bottomed
incision bordering the Soral-Laconnex subaqueous
moraine resulted from meltwater discharge generated
by the Arve Glacier, which carved a narrow spillway
between the glacier and the northern slope, and merged
with the proglacial/lacustrine deposits that formed the
flat morphology of the SW part of the Geneva area. The
natural separation between the buried tunnel valley and
its partly filled portion (Petit Lac) depicts a narrow ridge
today. To the SE, this ridge forms an apron dipping to
the SW, interpreted as a frontal moraine related to the
Rhone Glacier, most likely formed in subaqueous(?) and
subglacial(?) conditions (Moscariello, 1996, 2018). The
proglacial and paraglacial lake caused by the melting of
the Rhone, Arve, and Jura glaciers gradually reduced its
volume, which is represented in the terraced surfaces on
both sides of the Lake Geneva (Burri, 1981). These kame
terraces formed in ephemeral lakes related to the LGM
glacier at the ice front (Donzeau et al., 1997) in corre-
spondence with probably lateral tributaries or supragla-
cial stream mouths (Moscariello et al., 1998). Lacustrine
terraces formed during the evolution of syn- and post-
glacial lake levels after the disappearance of the Rhone
Glacier, ultimately charging the sinuous Rhone River
that incised cemented gravel deposits, which are locally
known as the Alluvion Ancienne. Progressive incision of
both the Rhone and Arve rivers shaped the central GB
by various slopes of glacial origin towards the main axial
drainage system represented by the Petit Lac. The Allon-
don River is likely associated with karst and fractured
networks, whereby its associated deposits are the subject
of current research.

3 Materials and methods

3.1 Review of existing boreholes and database setup
Boreholes were reviewed across the Geneva Basin and
selected within a 2 km range outside the FCC’s planned
quasi-circular perimeter (Abada et al, 2019; Benedikt
et al, 2020). Geology not covered by the FCC’s cur-
rent footprint but likely to be encountered inside the
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FCC construction ring was accounted in case available
reported wells contained useful stratigraphic or geo-
physical well-log data. Over 2/000 boreholes were drilled
in the Geneva Basin by Swiss (e.g. Services Industriels
de Geneéve, SIG) and French (e.g. Bureau de Recherches
Géologiques et Miniéres, BRGM) state surveys, as well
as various oil and gas companies for geothermal, hydro-
carbon and hydrogeological exploration. Among all well
reports and datasets available from BRGM’s online Info-
terre database, Swisstopo’s subsurface database, the lit-
erature, industrial exploration, and drilling campaigns
(Brentini, 2018; Chablais & Rusillon, 2018; Chablais &
Savoy, 2019; Clerc et al., 2015; Doumer and British Pet-
rol (France), 1983f; Doumer and (France), 1983; Doumer
and British Petrol (France), 1983b, 1983d, 1983a, 1983e,
1983c; Etat de Geneve, 1994; Gervaise, 1972; Géotech-
nique Appliquée Dériaz & SA (GADZ), 1981a, 1981b,
1982b, 1982a, 1992, 1993a, 1993b, 1996a, 1996b, 1997,
2015a, 2015b, 2015¢, 2015d, 2016a, 2016b, 2016¢; Jenny
et al,, 1995; Lanterno et al., 1981; Pierdona, 2018; Rusil-
lon, 2018; Schegg, 1993; Services Industriels de Genéve
(SIG), 2019; Wegmiiller et al., 1995), 661 wells have been
presently considered useful for the FCC’s subsurface lay-
out. Digitisation of ca. 37 km of cumulative geophysical
well-log curves was performed on 28 selected boreholes
(Fig. 1, Table 1), which comprised geophysical well-log
data, rock core samples and both sedimentological and
petrographical descriptions from well reports. Well-
log data was further correlated to available core mate-
rial by analyses on cuttings and plugs, the latter drilled
from full-cores, half-cores and samples collected from
outcrops. Core sample measurements were extrapolated
from nearby wells to the Geo-01 well at similar depth lev-
els for consecutive petrophysical well-log calculations.

The full datasets of reviewed and digitised well reports
as well as laboratory results were stored in a dedicated
database created in Microsoft ACCESS referencing each
sample and well geospatially (longitude, latitude, eleva-
tion, depth) in non-projected coordinate system (World
Geodetic System 1984). The database contains metadata
of well-ID, drilling purpose, measured and true vertical
depth, available third-party samples and samples taken
within the scope of this study, as well as performed labo-
ratory analyses. Furthermore, associated digitized strati-
graphic data such as chronostratigraphic range (era,
period, series/epoch, stage/age), top and bottom depth
of encountered geological formations, lithostratigraphy,
geological hazards (karstic intervals, hydrocarbon indi-
ces, swelling rocks), rock type and rock type description
from logs as well as an appositely devised unified termi-
nology to homogenize different (old) stratigraphic terms
spanning over the past 70 years were added into the
database.
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Table 1 List of boreholes containing digitized and analysed geophysical well-logs used for petrophysical calculations and lithotype
correlations

Map-ID  Well-ID Measured  Longitude (WGS  Latitude (WGS Digitized well- Cumulative Yearof  Drilling Sample type
(Fig. 1) depth (m)  1984) 1984) logs length of drilling  purpose
digitized logs (m)

1 C1 90.70 6.05307890 46.23646280 CALI, GR, Vp, Vs 336.00 2015 SI Plugs

2 2 81.50 6.05455910 46.23617420 CALI, GR, Vp, Vs 167.00 2015 SI Plugs

3 3 81.70 6.05745850 46.23575360 CALI, GR, Vp, Vs 156.00 2015 Sl Plugs

4 Geo-01* 744.06 6.04687090 46.22162423 CALI, GR, URAN, - 2018 GX Cuttings****
THOR, POTA, SP, DT,
RHOB, RHOMAA,
DRHO, NPHI, RS,
RD, PEF

5 Geo-02* 1130.00 6.06917612 46.16099600 CALI, GR, URAN, - 2020 GX Cuttings****
THOR, POTA, SP,
RHOB, DRHO, NPHI,
RS, RD, PEF

6 Gex-CD-01 290.5 6.07202053 46.25699268 CALI, GR, SP, DT, 1358.00 1983 E&QP Cuttings, plugs
RHOB, ILD, NPHI

7 Gex-CD-02 403.20 6.01576270 46.25072090 DT 341.00 1983 E&P Cuttings, plugs

8 Gex-CD-03 294.00 597257804 46.18706358 CALI, GR, SP, DT, 1465.00 1982 E&P Cuttings, plugs
SFL

9 Gex-CD-04 291.70 5.98583792 46.18190859 CALI, GR, SP, DT, 1458.00 1982 E&P Cuttings, plugs
SFL

10 Gex-CD-05 560.00 5.96985080 46.15607813 no logs - E&P Cuttings, plugs

1 Gex-CD-06 422.00 6.02225030 46.13546971 CALI, GR, SP, SN, 892.00 1983 E&P Cuttings, plugs
LN, NPHI

12 Gex-CD-07 256.00 6.06751781 46.25758598 CALI, GR, S MSFL,  1412.04 1983 E&P Cuttings, plugs
LLS, LLD

13 Humilly-1 905.00 6.00864530 46.09165386 CALL, SP,Vp, SN 3481.00 1960 E&P -

14 Humilly-2%** 3051.00 6.02487400 46.11363102 CALI, GR, DT, RHOB, - 1969 E&P Cuttings****
DRHO, LLD, NPHI

15 Saléve-1 1175.60 6.18749460 46.03768763 SP 970.00 1959 E&P -

16 Saveve-2 1985.80 6.18334960 46.03921755 SP 815.00 1959 E&P -

17 Savoie-101 2064.00 6.03042100 45.85043460 GR, SP SN, LN, LAT,  6000.00 1952 E&P -
LIM

18 Savoie-104 1903.00 6.02818960 45.88050040 CALI, SP, SN, LN 4405.00 1953 E&P -

19 Savoie-105 690.70 6.03605080 45.88042220 SP.SN, LN, INV 2280.00 1953 E&P -

20 Savoie-107 2116.00 5.87683480 45.88302440 GR, SP SN, LN 6000.00 1954 E&P -

21 Savoie-109 1260.90 6.05337210 45.94061902 SP, SN, LN 3252.00 1959 E&P -

22 SLHC20 120.20 6.05507350 46.23585973 GR, DT, RHOB, 445.00 1995 Sl -
FORE

23 SLHC21 120.00 6.05551840 46.23579456 GR, DT, RHOB, 406.00 1995 S| -
FORE

24 SLHC22 120.00 6.05552590 46.23549085 RHOB 118.87 -

25 SLHC23 110.18 6.05494650 46.23530551 GR, Vp, RHOB, FORE  400.00 1995 S| -

26 SLHC24 11030 6.05526740 46.23526275 GR, Vp, RHOB, FORE ~ 419.00 1995 Sl -

27 SLHC25 109.40 6.05502810 46.23494617 GR,Vp, RHOB, FORE ~ 401.00 1995 SI -

28 Thonex-1%, *** 2580.00 621131960 46.20183865 CALI, GR, SP, DT, - 1993 GX Cuttings****
RHOB, ILD, ILM,
LLD, LLS, NPHI

Well-logs: GR gamma-ray, URAN/THOR/POTA spectral GR as uranium, thorium and potassium concentration curves, SP spontaneous potential, DT sonic travel-time,
RHOB bulk density, RHOMAA apparent matrix density, DRHO corrected bulk density, PEF photoelectric factor, NPHI neutron porosity, SN/RS short normal resistivity,
LN/RD long normal resistivity, SFL spherically focused, MSFL micro-spherically focused resistivity, LLS shallow latero-log, LLD deep latero-log, FORE focused resistivity,
LAT medium lateral resistivity, LIM micro-inverse resistivity, INV inverse lateral resistivity, ILD deep induction, ILM medium induction, Vp compressional wave velocity,
Vs shear wave velocity. Drilling purposes: E&P hydrocarbon exploration, S/site investigations within the scope of regional civil engineering projects, GX geothermal
exploration. *No well-log digitisation required. **Vp & DT performed on rock core samples (Hefny, et al., 2020). ***Deviated well. ****Samples taken as part of
geothermal studies
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3.2 Modelling of the FCC’s well density coverage

Besides the digitized geophysical logs from 28 selected
wells, the 661 boreholes relevant to the FCC were grid-
ded and modelled to account for its well density coverage
supporting future site investigations in favour of optimal
well placement. The SURFER software package by Gold-
enSoftware was used to grid and model the data using
Kriging and Nearest-Neighbour algorithms. A grid size
of 41 x 100 m was created with 4’100 nodes. X-spacing
was chosen to 0.014° ranging from 5.5°E to 6.9°E, while
Y-spacing was set to 0.018° from 45.77°N to 46.5°N in
World Geodetic System (WGS 1984) coordinate system.

3.3 Digitisation of geophysical well-logs and petrophysical
calculations

Digitisation of well-logging intervals between 0 and ca.
1’000 m ASL, depending on elevation and correspond-
ing intersection with the FCC depth interval, was per-
formed on 28 selected wells (Table 1) to address the
FCC’s construction depth interval currently ranging
from 100 to 300 m ASL. Sedimentological and geological
core descriptions were carried out on analysed samples
to establish a reference lithotype scheme assisting in the
interpretation of geophysical well-log information. These
lithotypes were defined based on macroscopical features
such as texture, colour, consistency, composition, and
sedimentary structures, cross-checked with well report
documentation and further linked to geophysical well-
logs to identify associated well-log patterns.

Geophysical well-logs such as gamma-ray (GR), sonic
transit-time (DT), compressional (Vp) and shear-wave
(Vs) velocity, caliper (CALI), spontaneous potential (SP),
bulk and matrix densities (RHOB, RHOMMA), pho-
toelectric factor (PEF) and corrected density (DRHO),
neutron porosity (NPHI) as well as different types of
resistivity logs, i.e. short normal (SN), long normal (LN),
latero-log shallow (LLS), latero-log deep (LLD) and
micro-spherically focused (MSFL) were digitized and
quality-checked using the NeuraLog software. Data was
outputted in LAS file format for further processing and
interpretation in Schlumberger’s Techlog software. Bore-
holes Gex-CD-01 to -07 were drilled by British Petrol
France between 1982 and 1983 to constrain the depth
domains and properties of the LFM formation (Chattian/
Oligocene) and calcareous basement bedrock (Lower
Cretaceous, formerly also known as Urgonien) for hydro-
carbon exploration. The wells extend across the two
French departments Ain and Haute-Savoie at the west-
ern edge of the GB along the Jura. The cumulative length
of well data amounts to 2/517.32 m, of which 749.04 m
were exposed as available rock cores. Encountered strati-
graphic units belong chronologically to the Quaternary,
Oligocene (Chattian), Eocene, and Early Cretaceous
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(Hauterivian and Barremian). Note that the Barremian
stage (Cohen et al,, 2013) is commonly named “Urgonian”
in traditional western European stratigraphy referring to
the Early Cretaceous. Hence, the occasional adoption
of the term in this article is to refer to regional geologi-
cal features. In the northern part of the GB close to the
city of Geneva, wells Geo-01, Geo-02 and Thonex-1 were
drilled for geothermal exploration and were used as ref-
erence datasets for gamma-ray log calibration. SPL-,
SLHC- and C-wells were drilled for site investigations in
the framework of the LEP, LHC and HL-LHC civil engi-
neering projects on behalf of CERN, whereas the latter
wells allowed sampling of rock cores.

During digitisation, some mis-fit and log-shift was
compensated via stretching and squeezing of log curves
but could not be completely solved due to bad original
paper quality, often loosely glued, or poorly scanned.
Furthermore, NPHI, Vp and Vs well-logs were limited
to specific intervals ranging between 5 to 100 m, espe-
cially for wells addressing hydrocarbon exploration
(E&P). Each well-log type and its associated digitisa-
tion, data processing and analyses are described in the
following sub-sections.

3.3.1 Lithology logs: Gamma ray (GR) and spontaneous
potential (SP)

Despite different well-logging campaigns tailored for
different exploration purposes, either a GR or SP log-
ging tool, mostly deployed by companies Schlumberger,
Hydrolog or Hydro-Geo Environnement, were run
in most of the wells, excluding well Gex-CD-02 (only
DT log). This allowed a first distinction of sand- and
shale-dominated depth intervals. Respective SP log
measurements were run and displayed in increments of
20, 10 or 5 mV.

Due to the variability of GR log measurements within
a timeframe of 70 years, different log units hampered
the process of homogenizing the data set. Some of the
GR logs were formerly measured in microgram Radon
per ton (ugR/t), which required re-calculation to com-
mon log units (Eq. 1) adopted by the American Petro-
leum Institute (gAPI). Hence, unit conversion between
pugR/t and gAPI was applied according to (Crain, 2021):

GRpe = GRygrt - 10 (1)

with GRy,, being the conversed gamma ray log value in
gAPIl and GR,r) being the original gamma ray log value
in pgR/t. Different GR tool calibrations among older
(mostly E&P) wells required normalization based on
newer (GX) wells. While the new wells offered higher
tool sensitivity, the old wells were adapted accordingly



Integrated evaluation for CERN's FCC subsurface infrastructure

Page110f43 16

g
g
&
i
g
& @ .

s

o

M

0

.
®
o

T ET ST |

Gex-CD-01  Gex-CD-03 Gex-CD-06 Gex-CD-07  Humilly-2  Thé

Fig. 2 Box plots of GR values before (A) and after (B

(Gex-CD-01, -03, -04, -06, -07 and Humilly-2) to homogenize the datasets

o 10

Gex-CD-01  Gex-CD-03 Gex-CD-06 Gex-CD-07  Humilly-2  Thé

normahzatlon l\/l\ddle line in box plots deplcts mean values, circles denote extreme values
(outliers). The latest geothermal exploration wells (Geo 01, Geo-02, Thonex-1) were used as calibration for older, hydrocarbon exploration wells

despite removing potential shale- and sand-influenced
(geological) trends (Fig. 2).

The gamma ray index (Igg, Eq. 2) was calculated based
on GR logs applying different models depending on geo-
logical formations for the derivation of the shale volume
(Vg,): the Stieber Miocene/Pliocene Model (Eq. 3) for the
Quaternary deposits, the Tertiary Larionov Model (Eq. 4)
for the Molasse Rouge, Gres et Marnes Gris a gypse, and
Siderolithic formations, and the Larionov Model (Eq. 5)
for the underlying Mesozoic rocks according to (Schon,
2015):

log = R~ GRauin 2
GRmax — GRmin

Vo=t 3

Vm=oo%-@ﬂ”@k—g )

Vn = 0.33 - (2{2'1610 - 1) ©)

where the GR,; -value of 10 gAPI was defined as the
maximum sand-dominated zone, and the GR,,,-value of
100 gAPI as the maximum shale-dominated zone, respec-
tively. Due to the heterogeneity of the Molasse Rouge and
Gres et Marnes Gris a gypse formations, X-Ray diffrac-
tion (XRD) and/or automated mineralogy and petrog-
raphy scanning (QEMSCAN) laboratory analyses were
performed to identify and support decisions for respec-
tive GR,;, and GR_,, values. High quartz value intervals
were chosen as clean (sand) zones, respectively in the
same manner for high fractions of clay minerals in shaly
zones. A GR .. sand/shale cut-off value of 57 gAPI was
chosen for all normalized GR logs.

3.3.2 Porosity & lithology cross-over logs: bulk density
(RHOB), apparent matrix density (RHOMMA), corrected
density (DRHO), photoelectric factor (P,), neutron
(NPHI) and sonic travel-time (DT)

Bulk density logs were run in a vast number of bore-
holes, while apparent matrix density was run explicitly in
the geothermal well Geo-01. For the GX well-logs, cor-
rected density logs (DRHO) were used to verify the origi-
nal bulk density log run, whereas a value above 0.2 g/cm?
was considered erroneous (Asquith et al., 2004) and the
RHOB log was discarded in such intervals. RHOB and
NPHI logs run in wells Thénex-1, Humilly-2, Geo-01 and
Geo-02 allowed the identification of porous and likely
more permeable zones. An overlap of these two curves
indicated permeable, i.e. possible sand(stone)-dominated
depth intervals, whereas a clear separation denoted low
porosity and permeable, ie. possible shale-dominated
intervals. In addition, neutron porosity versus bulk den-
sity enabled the derivation of clay types, i.e. occurrences
of laminated, dispersed or structural shale. This was fur-
ther used for the calculation of the sand-silt-clay model
and the identification of clay type distribution.

Based on low-energy gamma ray interaction measure-
ments, the photoelectric index (P,, Eq. 6) was derived
from the PEF log in well Geo-01. This allowed for an
advanced lithology distinction based on atomic numbers
(Z) according to (Ellis & Singer, 2007):

3.6
P = (120) 6)

Total (PHIT) and effective (PHIE) porosities were cal-
culated using the sonic log and were calibrated to labo-
ratory measurements in the Molasse Rouge formation.
While RHOB and NPHI logs offer additional methods of
porosity calculations, in most wells full log intervals were
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restricted to the sonic log, while NPHI logs were run
only in short depth intervals. Therefore, the sonic log was
used as the main indicator for all porosity calculations
using the Wyllie time-average equation (Wyllie et al,
1956, Eq. 7):

At = Atgolig(1 — @) + Atﬂuidqs (7)

with an average At ;4 of 47.5 ps/ft and Atg;q of 189 ps/
ft. For effective porosity, the shale volume was subtracted
from total porosity. No porosity calculations were per-
formed in the Mesozoic limestone formations. Fig. 3
exemplarily depicts the full workflow output for petro-
physical calculations and incorporation of all laboratory
analyses including an updated, re-drawn stratigraphic log
for well Gex-CD-01.

3.3.3 Resistivity logs: induction (ILD, ILS) and latero-log (LLD,
LLS)

These logs were obtained by company Schlumberger
deploying the 6FF40 induction log deep (ILD) tool, a
short normal (SN) 16-inch, a long normal (LN) 64-inch
log as well as shallow (15’ 0) and medium (18’ 8”) latero-
logs. The logs were run along specific intervals (E&P
wells) for hydrocarbon detection and used for water
resistivity calculation and quality control across logged
formations. Unless provided (GX wells) or stated in well
reports, the gradient method (Crain, 2021) was used to
calculate the formation temperature FTEMP, assuming a
surface temperature of 15 °C with a gradient of 3 °C per
100 m. This seemed reasonable since in-situ temperature
for the exploitation of geothermal energy significantly
increases at ca. 1’000 m below surface in the GB’s Meso-
zoic limestone formations (Chelle-Michou et al., 2017),
which is not intersecting the FCC’s depth intervals in
its current subsurface layout. Water resistivity was cal-
culated for the derivation of the sand-silt—clay model in
the Molasse Rouge formation considering FTEMP, and
element concentrations of Na, K and Ca measured in the
laboratory via inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES). Analyses yielded average
values of 0.5 Na, 0.2 K and 1.6 mg/g Ca, respectively,
whereas chloride (Cl) concentration was assumed for
0.16 mg/g (Kafkafi et al,, 2001). True, uninvaded resis-
tivity (R,) was taken from deep resistivity curves (LN,
LLD, ILD), while invaded resistivity (R,) was derived
from shallow resistivity logs (SN, LLS). Flushed zone
resistivity (R,,) is commonly taken from a micro-spher-
ically focused (MSFL) log, which was only available in
well Gex-CD-07. Due to data limitations, the flushed
zone was assumed for the invaded zone in all other wells,
hence R =R,
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3.4 Sampling and laboratory analyses

A total of 930 samples across all geological formations
in the Geneva Basin were analysed. Out of 930 samples,
785 were taken explicitly as part of the present study, and
145 samples during other geothermal studies (Brentini,
2018; Pierdona, 2018; Rusillon, 2018). QEMSCAN meas-
urements included 418 samples in total, and 79 for XRD.
A particular focus was hereby set on the Quaternary,
Molasse Rouge and Gres et Marnes Gris a gypse forma-
tions restricted by the FCC construction depth.

Plugs with 2.5 cm in diameter and 2 to 8 cm in length
were drilled from full-, half-cores and outcrops, and were
prepared using abrasive tables to polish the top and bot-
tom of each plug into planar surfaces, and subsequently
split into different fractions for lithotype analysis. For
well Geo-02, cuttings were consecutively taken during
drilling progress. These were washed, sieved under water,
and dried at 45 °C for ca. 60 h to prevent clay degrada-
tion. The dried samples were crushed in an agate mor-
tar and sieved through a<400 pm sieve. Consequently,
these cuttings were used to create thin sections that were
analysed via QEMSCAN, and produced under vacuum
impregnation with epoxy resin. The brick was cut and
flattened on one side before mounting on a glass plate
with epoxy resin. After cutting the sample down to a
thickness of a few 100 um, it was further abraded before
fine polishing down to 30 um using silicon carbide abra-
sives. The final step included polishing with alumina by
hand and a polishing machine.

3.4.1 Automated mineralogy and petrography scanning
(QEMSCAN)

An FEI QEMSCAN Quanta 650F instrument was used
to identify the modal mineralogy, texture, and lithotype
of 273 thin sections, 26 samples from Thonex-1, 87 from
Geo-01 (Pierdona, 2018) and 32 from Humilly-2 (Bren-
tini, 2018; Rusillon, 2018) along the current FCC lay-
out. Measurements were based on a scanning electron
microscope (SEM) equipped with two energy-dispersive
X-Ray (EDX) spectroscopy detectors, and used for cor-
relations with well-logs. This non-destructive analyti-
cal technique enabled in-situ high-resolution (analytical
point of<2 um) mapping (Pirrie et al,, 2004). Mineral
phase identification stemmed from the combination of
back-scattered electron (BSE) contrast and EDS spectra
providing information about the elemental composition
(Gottlieb et al,, 2000). Individual X-Ray spectra were
compared to a library of known spectra comprising a
specific mineral name and assigned to each individual
acquisition point. The X-Ray EDS spectra library was ini-
tially provided by the manufacturer and has been further
developed in-house using a variety of natural standards.
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Measurements were performed at an acceleration volt-
age of 15 kV with a 10 nA probe current on polished
thin sections, which were carbon-coated before scanning
using a Quorum Q150T S/E/ES graphite coating device.
X-Ray acquisition time was 10 ms per pixel using a point-
spacing of 2.5 and 5 um. Each section was scanned on a
1.5x 1.5 cm area at 10 pm resolution to define textural
parameters, mineralogical composition, and rock pet-
rographic classification. Up to 122 individual view fields
were measured in each sample, depicting 1.5 mm per
single field. Data processing and analysis were performed
using the FEI iDiscover software. Due to interstratified
clay minerals and grain boundaries, which were not nec-
essarily in compliance with the compared QEMSCAN
mineral database, results contained a certain portion of
unclassified minerals and limitations for clay minerals
and interstratified clay minerals.

3.4.2 X-Ray diffraction (XRD)

A jaw crusher was used to crush the plug samples
down to a fraction of<400 um, followed by a vibrating
McCrone mill with agate balls to receive a<20 um frac-
tion for subsequent XRD analysis. Samples were analysed
according to standard DIN EN 13,925-1/-2 (European
Norm (EN), 2003) using two different types of samples
measured with a Bragg—Brentano X-ray diffractometer
(D8 Advance, Bruker AXS/D). For quantitative XRD
analyses, randomly oriented (Zhang et al., 2003), Ca-
exchanged samples were scanned from 4 to 80° 20 with
steps of 0.02° 20 at 2 s intervals. Oriented specimens were
used for enhancement of the basal reflexes of layer sili-
cates thereby facilitating their identification. The changes
in the reflex positions in the XRD pattern by intercala-
tions of organic compounds (e.g. ethylene glycol) and
after heating were used for the identification of smec-
tite (Brindley & Brown, 1980). The XRD instrument
used CoKa-radiation generated at 35 kV and 40 mA
and operated with dynamic beam optimisation using
an automatic theta compensating divergence slit and a
motorised anti-scatter screen. The diffractometer was
equipped with primary and secondary soller slits, and
an energy-dispersive LynxEye XE-T line detector. Quali-
tative phase analysis was conducted with the DIFFRAC.
EVA v4.3 (Bruker AXS) software. The minerals were
identified by peak positions and relative intensities in the
X-Ray diffraction pattern compared with the PDF2 data-
base. Mineral quantification was performed via Rietveld
analysis of the XRD patterns using the Profex/BGMN
V4.2.4 software (Doebelin & Kleeberg, 2015). This full
pattern-fitting method calculates X-Ray diffraction pat-
terns based on crystallographic data of each mineral
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phase and its iterative adjustment (least-square fit) to the
measured diffractogram. For final refinement, phase spe-
cific parameters and the phase content were adapted to
minimize the difference between the calculated and the
measured X-Ray diffractogram. XRD results in wt.% of
the n-th mineral were converted into percentage by vol-
ume (%, Eq. 8) using respective averaged and normalized
mineral grain densities p, according to:

0, .
WtBsmineral

Pgrain
Z Wt%n (8)
n py

Depending on available well-logs, either XRD, QEM-
SCAN or both analyses were used for correlations of
sandy and shaly intervals. Shale volume derived from GR
logs was compared with results of XRD analyses, which
provided a more robust result for fine-grained clay par-
ticles (<2 pm) compared to QEMSCAN measurements.
Mineral abbreviations in respective figures were used
after Whitney and Evans (2010).

0 —
vol bmineral =

3.4.3 Effective cation exchange capacity (CEC)

With the Cutrien complex method at pH 7-8 according
to Meier and Kahr (1999), the effective cation exchange
capacity (CEC) of Molasse Rouge samples was analysed.
No measurements were conducted for samples from
the Quaternary or Mesozoic deposits. The extinction
at 578.0 nm was analysed in the Spectral-Photometer
DR6000 (Hach Lange) and compared with the extinction
value of the blind solution without added sample mate-
rial. Effective CEC in meq/100 g was then calculated
according to (Eq. 9):

(Ext.piina — EXt.sample) - 200 - 100

CEC =

Msample

whereas Ext.,,q and Ext.,q,,. depicted respective
extinction values in nm of the blind and real sample, and
mg, ... gave the sample mass in grams. Calculations were
corrected by the water content of each<63 pum sample.
The exchange cations per unit pore volume, Q,, was cal-
culated (Eq. 10) from selected plug samples based on lab-
oratory CEC values, core porosity (¢, ) and core grain
density (Pgyain,core) Measurements for wells C1, C2, C3,
Gex-CD-02 and Gex-CD-04 to Gex-CD-07 (see below),
and were extrapolated to Geo-01 for the Molasse Rouge
formation. Qy calculations were conducted according to
(Darling, 2005):

_ CEC- Pgrain,core

= 10
v 100 - ¢eff,core ( )
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3.4.4 Exchangeable cations via Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES)

Sample preparation continued with the centrifuged
supernatant of the previous CEC measurement. The
solution was filtered with<0.45 pm PES vaccine filters
and acidified with 2% HNO,. Exchanged Na, K, Mg, Ca
and further leachable elements (e.g. Ni, Cr) were quanti-
fied via ICP-OES using an Agilent 5110 ICP-OES device.
Condition settings were adapted to 10 s of reading and
15 s stabilization time. Viewing mode was radial with a
viewing height of 15 mm. For each sample run, a blank
sample and 3 standards were used for calibration, fol-
lowed by a quality control spike blank sample and a cop-
per blank sample.

3.4.5 Water uptake capacity via Enslin-Neff

The Enslin-Neff analysis was performed to measure
the water uptake capacity under free swelling condi-
tions (Neff, 2005) and its associated time evolution of
rock-water interaction following standard DIN 18,132
(Deutsches Institut fiir Normung (DIN), 2012). About 1 g
of a<400 pum sample was placed in an Enslin-Neff appa-
ratus and its free water uptake over time until maximum
was recorded (up to 1’440 min). The maximum water
absorption reading (w,,,,) served for the calculation of
the water absorption capacity, w, in wt.% (Eq. 11) cor-
rected by the dry mass, mg,,, according to:

Winax

Wa(%) = — 9%
a(%) My - 100wt%

(11)

3.5 Core porosity, core permeability, and core grain
density

The unsteady state pressure-decay technique after the
modified Darcy’s law was applied to measure effective
porosity and absolute (single fluid) permeability with an
AP-608 Automated Permeameter & Porosimeter (Chab-
lais & Moscariello, 2012; Coretest Systems Inc., 2008,
2011) on a total of 170 Siderolithic, Molasse Rouge and
Quaternary plug samples, and were further used for
respective well-log calibration. The device measured
porosity (percentage) and permeability (milli-Darcy, mD)
in respective gas atmospheres. Plugs were analysed with
nitrogen, and for selected samples with helium gas. The
latter served as an ideal gas optimized for medium to
high permeability values, whereas nitrogen was used for
fine-grained Molasse Rouge samples expecting perme-
ability values below 0.05 mD. The measurement analysed
the equivalent liquid permeability, slip and turbulence
factors. Pore volume measurements were retrieved using
the gas expansion model based on Boyle’s law. Grain
densities were measured using the device’s grain volume
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chamber. Before a set of measurements, a reference vol-
ume inside the grain volume chamber, which was filled
with calibrated metal cylinders, was calculated yielding
an average value of 10.99 cm®. During each measurement,
temperature was maintained constant at 58.3 °C. Nitro-
gen and helium viscosities were used for appropriate cal-
culations. Results were corrected for the Forchheimer
(Forchheimer, 1901) and Klinkenberg (Klinkenberg, 1941,
Eq. 12) effects, with the latter providing a robust approxi-
mation of liquid permeability based on measured gas
permeability, following Tanikawa and Shimamoto (2006):

kg :k,(1+ id) :k,(1+ Lz) :kl<1+ é)
r v2r3 p P
(12)
with:

b= —, whereas k, is the permeability of gas (m?), K,
depicts the permeability of liquid (m?), 1 is the mean free
path of gas molecules (m), r is the pore radius (m), k the
Boltzmann’s constant (JK™1), T the temperature (K), c is a
constant, p is the pore pressure (Pa) and b is the Klinken-
berg slip factor (Pa). In contrast to flowing liquids, the
velocity of gas flowing through a porous medium is not
zero at the wall but shows a slight increase. This correc-
tion factor compensates for gas slippage within pores

when gas flows along pore walls.

4 Results

The FCC’s ongoing feasibility phase requires the iden-
tification of encountered geological formations and
the investigation of rock characteristics at its currently
planned construction depth intervals between 100 and
300 m ASL for its main tunnel and experimental caverns.
While subsurface designs are still subject to changes as
additional information is collected from a wide range of
well-log data and laboratory analyses, the current results
impact admission into the subsequent technical design
phase, associated environmental impact assessments,
and ultimately, optimal well placement for upcoming site
investigations.

Each data type is presented separately in the following
sub-sections from local to regional scales. Visual geo-
logical rock core inspections show the highest resolu-
tion in the order of millimetres. Consecutive decrease in
resolution is given by the geophysical well-logs with an
average point density of 15.24 cm. A lithostratigraphic
overview is depicted at outcrops within a few tens of
meters (Fig. 4), followed by two distinct well correlation
panels among the northern Gex well series (Fig. 5) and
selected deeper wells along a NE-SW trend (Fig. 6), both
within a few hundreds of meters in vertical and a few tens
of kilometres in lateral extent.
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4.1 Stratigraphy across the Geneva Basin

In the Geneva Basin, 22 geological formations and sub-
units featuring 31 lithotypes are encountered across 661
wells distributed within the FCC’s construction area.
These are described in the following sub-sections in
order of decreasing geological age, and the FCC'’s inter-
sected 13 geological formations and associated 25 litho-
types (Table 2), of which some are exposed in the field
and analysed on rock samples. Fig. 4 shows the encoun-
tered lithotypes: Al represents Quaternary unconsoli-
dated deposits at a depth between 4 to 5 m in C5 well
(close to CERN’s HL-HLC Point 1), while A2 is com-
prised of gravelly Quaternary deposits at a depth from
32.25 to 39.25 m in well Montfleury-2. M1-M5 litho-
types depict different marl- and siltstones that vary
in colour and grain size from very fine to fine-grained
(M1-M2) in well Peissy-I at depth levels from 125.12
and 126.12 m and between 42.30 and 42.90 m, respec-
tively. A brownish-violet, often referred to as lieu de vin
(M3), marl lithotype is encountered e.g. in well Gex-
CD-01 at a depth from 40.96-41.90 m, and beige (M4)
coloured lithotype is encountered in Peissy-I at a depth

M. Haas et al.

between 82.50 and 83.46 m. Conglomeratic, low spheric-
ity grains in a clayey matrix of siltstone (M5) are located
at a depth between 124.12 and 125.12 m in well Peissy-I.
S1-S4 show partly hydrocarbon-impregnated sandstone
(S1) at a depth between 100.69 and 101.51 m, fine-lam-
inated silty sandstone (S2), massive, compact sandstone
(S3) at a depth between 58.95 and 59.90 m, and porous,
fine-grained sandstone (S4), all cored in well Peissy-1. HC
depicts a hydrocarbon saturated sandstone lithotype in
Gex-CD-01 at a depth of 188.10 m, and very fine-grained,
laminated sandstone (S5) is encountered in well Gex-
CD-04 at 120.22 m. C1 and C2 represent conglomeratic
lithotypes differentiated by colour and grain size at depth
levels 233.20 m and 188.70 m in Gex-CD-01, respectively.
G1 depicts the Siderolithic Formation, often referred to
as Gompholite, drilled from an outcrop close to Mornex
in the northern part of the GB (Fig. 1). The L lithotype
depicts Molasse Rouge freshwater limestone encoun-
tered in Gex-CD-07 at a depth of 234.7 m. The AG litho-
type depicts a fine layer of gypsum in an outcrop close
to Nyoux, while S6 represents the Siderolithic Formation
outcropping near Sarzin close to an abandoned quartzite

detailed descriptions

Fig. 4 Lithotypes analysed and encountered along the FCC's current tunnel alignment from small-scale drilled plugs to rock cores and large-scale
outcrops. A1-A2 Quaternary glaciogenic deposits, M1-M5 different marls as part of the Molasse Rouge formation, S7-S5 different sandstones as
part of the Molasse Rouge formation, S6 sandstone as part of the Siderolithic formation, often referred to as Gompholite, HC hydrocarbon-bearing
sandstone in the Molasse Rouge formation, C1-C2 different conglomerates as part of the Molasse Rouge formation, L freshwater limestone as part
of the Molasse Rouge formation, G sandstone as part of the Siderolithic Formation, AG gypsum layer in the Molasse Rouge formation. See text for




Integrated evaluation for CERN's FCC subsurface infrastructure

Page 17 of 43

16

o o o o o o o [=3 o o o o
2 < =] © N @ < o © N o o I o
» 3 + ¥ ® ® N & & - ~ © ¥ o ! ¢
T % \‘HH‘\\H‘\\\\‘\\H‘HH‘HH‘HH‘HHHHHHHH‘HH‘HH‘\H
© ®o o ©
N T P o
£ z 2 O
[¢} v T FAEoR D0 i T
S 2 £2 9%® MWIHN
o £ ¢ x @
> 8 S 8 ©
o £ 2 =
o o 8 2
SEE 3 2 8§ 8 8 8 8 g o e g § @
&
8’ S 2 UB) ® ® & & & v - ®& ¥ o Y % - %
[} ‘HH‘HH‘HH‘HH‘HH‘\\H‘HH‘HH‘HH HH‘HH‘HH
'S 0
<
Qv
(l)(D
% @™
)
]
o 9 o o o o o o o o &
S © A ® ¥ © © d& o o S 8 ¢
¥ ® ® N N & - - &® < o ; ¢ )
\‘HH‘\\H‘HH‘HH‘HH‘HH‘HH\\\\‘\H\‘HH‘HH‘HH‘HH‘\H
<
Q
0o
Q%
[9)
O
O o 9 9 o 9o o o o o o
® I © © d4 ®© ¥ © © « o o I
¥ ¥ ¥ ®© ® & & N - - ® ¥ o {
\\‘\\\\‘H\\‘\\H‘\\\\‘\\\\‘\H\‘\\H‘HH‘HH‘HH‘HH‘HH‘HH‘\
I50)
<
Qv
()=
><l.D
1)
O]
o o o o o o o o o o o
§ © ©® 4 © ¥ © © q& o o S 8
+ ¥ ® ® N A& N - +~ © ¥« o { ¢
\‘HH‘\\H‘\\\\‘\\\\‘\H\‘\\H‘\\\\‘\\\\‘\H\‘HH‘HH‘HH‘HH‘\H
I
<
Qo v -
OB Q| T
x
[0}
]
© o 9 o o o o o o o o
< < o © AN [<e) < o © N o o < Iee)
¥ ¥ ® ® &N & N - - © ¥ o ! G
g \H‘HH‘HH‘HH TTTT HH‘HH HH‘HH‘\H\‘HH‘HH‘HH‘HH‘
— -~
B 2 | |
o BE® NIRRT
") >'<<t' B PRR Y I P ~
1)
& 5}
o
o o o o o o
® T © ©®© & o o ? 8
N & & - - ® ¥ o ] ¢
HHHH‘HH‘HH‘\\H‘HH‘HH‘HH‘HH‘HH‘\
N~
o
Aw
)
og : .
)
O]
(1SVY W) |9A8] BaS aAoge sJajaw Ul syydep

-—
<
<
G
3
9]
P
£
c
S
=
@
£
—_
o
s
=
o)
n
n
L
el
c
I
o
o
)
=
—_
g
2
>
©
I
=
c
)
=
@
£
—
o
-
b=
()
n
n
L
o°
[
I
—
o

L
=
=
o
@
9
w

H Molasse Rouge

()
c
o
N
c
Re]
=
@
c
©
£
l_

E Glaciogenic deposits

Fig. 5 Cross section A from North to South of the 7 Gex wells in the western part of the FCC's construction area with associated potential geological hazards. Values below well-ID depict

topographic elevation in meters. The FCC's current perimeter depth intervals range between + 100 and + 300 m ASL




M. Haas et al.

Page 18 of 43

16

SY W 00€ + pue 00 | + U2am1aq abues sjeaiul yidap Ja1auwiad 1usaind § D4 Y S1a19W Ul uoileAs|d diydelbodol 101dap ()-||om Mo|aq San|ep

‘spJezey |e2160]0ab pasodoid Yum GO |-3I0ABS PUB 0 | -DI0ARS ‘60 |-D10ABS ‘[ -9A|RS ‘Z-9A3|S ' | -AJ|IWNH ‘Z-AJIWNH ‘Z0-095) ‘| -X3UQU | ‘| 0-099) S||9M JOj UORIIIP IS O3 AN Ul g UORD3S sso1D) 9 *big

uonew.o 4 anoquieyd m
UONBWIO { SUOIA i “JeUONaN/UONBWIO 4 U8SST puelo m SALIBINEH/UONBW.IO { HOSST puelo) _|H|_ (uodjeqe] ) uonewlo sB|ORT m
(2940[|1BA) "PUOIIH P 18Y20Y m_ susodep ousboioe|o m 19121y p Saulejy m uonew.so 4 ayoenp i
UONBWIO 4 ydequuem | m abnoy assejop H uonewlo 8qiQ,| ap sabioo . suoisewi suelg _m_
21yNj0IapIS m_ a9sdAb e su9 saule 18 S2I19 uonewlo Biagpjon m suonewlo 1es9|[a\/|eyisieg .
= - - = = - = d a
0002- — 0002~ — 000¢- - — -3 000¢- — — 4 8
= = 0091 — 009L- —| 008L- — = 000z~ —| 0002- 000z — 3
008L- —] 008L- —] 008L- - 3 3 008L- —] 3 3 s
= = oovl- — ooy — 009 4  oos- 4 008l oogl- < 3
009L- —] 009L- —] 0091- - - = 009L- —] - 94 ¢
= = oozl — oozt 007k = oogL- —| 009 W
ooyl —] 00vL- \HW ooV L- - 3 - 0oL — = = .-
- o= 000L- — 000L- —] = oovL- — 00 L- oorl- — O
00zL- — 00zl- —= 00zZL- = = - 00zL- = 3 8
= = 008~ — 008- —] — 00ZL- — 00zl 00zL- — 2
— — — 1 ] — — @
000L- —] 000L- ‘Im 000L- - — - 000L- 3 J =
= = 009" — 009- —| — 000L- — 000L- 000L- — w
008- —] 008- |H|_H 008- - - - 008- - 94 @
- = 0or- — 00y~ — — 008~ —] 008" 00g- — ~
009 — ooo- —FL  009- - = - 009- = 3
3 L 00e — 00z- — = 009- — 009- 009" —
00y~ —] 00y~ —J—  00%- - - - 00y~ - -
= L 0 3 0 4 = 00v- —] 00v- 00%- —
00z~ — 00z- —— 002" - 3 I 1 3 =
I 1 — e - H—
= - 00z — 00z — - 00z~ — 00¢- 002"
0 0 — 0 - 3 - 0 -
Hm (0[0)4 = ooy —] — 0 — 0 0
002 00z — o0z - = - 002 3
- 009 —] 009 —= — ooz = 002 002
(0]0]7 ooy — ooy - 9% - 00¥ =
= 008 — 008 _hiy o009 ——fi4 I — o 00v
® ® ® ®
20S €05 €0LS ov8 €18 8'¢¥9 95667 S8°0LY
GOL-9l0ABS poL-0l0ARS 60L-010ABS L-enles Z-on3leS L-Kinwny z-Kinwny 20-099
(osdAb e su9 saulep 10
sau0) 1 abnoy assejopy) ¥o01 Bujemg I
S|BAJSIUI UOQIBI0IPAH I
saineay onsiey -_|
spJezey |eaibojoab 994 g uonoas ssoi9




16

Page 19 of 43

Integrated evaluation for CERN's FCC subsurface infrastructure

Ssiney (¢)suonjeusayje auols
SAI1DB ‘SUOGIeD0IPAY 1SIRY| S) -pues diisiey ‘paynells 10N [uoz uonisues) +x(UONBULIOS SUQUY-NP-9119d) 2UOZ UONISUe.|
JUEITER)
syney £afe|> ui suoysawi| pue
9AI1DB ‘SUOGIED0IPAY 1SIRY| 1995 ‘2D ‘L) zuenb yum aresswolbuod J1Yyj0IapIS IY[0IaPIS 2UOoISpURS 2U203
syney
AR ‘(DH) SUOQURD0IPAY (¢)214j013pIs
'(Dv) 1pAYUE ‘sAe|d Bul|joms LD Jo 1ed ‘(;)a1e19wo|6uo) (INWT) 9SSeJOJA 2ULIBIA J]oMOT] 91eJaWo|BUoD ‘Buolspues ueljadny
2uo)saWI "duolspues
burieaq-uoqiedoipAH
si9fe] wnsdA6/a3pAyuy
auoisyis Aokepd
pajeujwe| ‘Suoispues auy
0} auy AJ1aA Jo spaq uiyy
buneussyje ‘suoispues
‘e13324q ‘duolsawl|
£ake]> :uoissaddns 1amo|
syney TOH OV ‘S auoisy|is Alzew jo W41 j0 1ed (UOISS22INS JoMO)
QAR ‘(DH) SUOQUEDOIPAY  “bIN “EIN ‘TN ‘LW suolje|edI)ul YIIM BUOIS se abnoy asse|o| ‘9sdAB pue Jaddn) abnoy assejo
‘(o) a1IpAyue ‘skepd Buljlams ‘1SS “bS ‘€S ‘ZS ‘LS -pues :uoissans Jaddn e S1ID SauJelA 13 S3IDH '35dAB e s|ID) SaUIBI 19 S21D) uenmeyn
syney (xd5dAD e S saule 19
QAR ‘(DH) SUOQURD0IPAY S ', 96N0Y 35SeION) ‘(N4T)
'(Dv) S1pAyue ‘sAepd Bul|jeoms wasqy uasqy wasqy 9SSB|O J21BMUSDIH JOMOT] 9SUD) 3SSB|O uelueunby
syney
SAI1DR ‘(DH) SUOGURD0IPAY
(DY) S1pAYUE ‘sAe|d Bul|jeoms wasqy uasqy wasqy (NN ENVNIEN uelebiping
JUasqy asqy Rsqy wasqy 95se|oy duiepy Jaddn |/ew ‘2UoISpues uelybue
(W4n)
1U9sqy wasqy uasqy wasqy 95Se[O| Jo1emysai4 Jaddn 91elawo|buo) UeI[eARLIDS 2u2206110 auaboaled
xuyew Kakepd
ul pappagu auojspues
s19jinbe Huleag-1a1ep LV pue pues suy Jo aunxIy sjuswipas |epe|b-aid SIPPIN
saden sjuswWIpas
uajjod yum auojsaydem |ede|6aa3ul ‘parepijos
s19jinbe Huleag-1a1ep TV pue-pnw £afe]d ‘K216 yjiep -uodun 13 pajUAW)
£fouassisuod dnseid
ab1ag-£a16 yum 1sep
‘saunixiw [9aesb Apues sauleJow N7 Saulelow 21eJ2Wo0|6
S1nej sADY €V (sawawos) 03 Aake] ‘syuawipas |ee|b-1sod W51 ‘susodap diusbore|n -uo) ‘laAeI9) Aake|D-A1S 91e7  2UI0ISIS|d
losdo jlosdog llosdog ASENe\Y pUENeIV 9U3D0|0H Aleulaienp
(v 614
(Apnis siy3) 29s) sadfjoy| (Apnis s1y3) (Apms suopejou
spaezey |e3160]03b6 s,))4 Jo uonelraiqqe sadfioyy| siy3) Aydesbressoyy) s1ydesbnensoyin sadAy oy abers yoodz poudd

UOI1DNIISUOD DD 10} 1ueAdjai A|jelnualod sadA10ual| JuaIayip 01 payul| spezey Buljjauuni [ed160j0ab pue uiseg eA3USD) a3 4oy unjod diydelbiensoyl] g ajqel



M. Haas et al.

Page 20 of 43

16

wnwixepy [e12e[D 358 WOT "PauYap A||ny 194 30U ‘UOISSNISIP JBPUN A[JUBLIND 4y 9D S JOJ S}NSI U21e3S34 JUSUIWWI Jo Jied se
(¢)K1epUnoq 51020ua)-210z0sa\ Y3 Uo syBisul Mau Ajdwi JyBIW ING UOISSNISIP JSPUN AJUBLIND ., ‘4T Y JO 1ed Se soweu pijeA INg [eWIouUl 0} PaId)a) A|luowwod a1e 3sdAB e SLID saulel 19 S9ID pue 36N0Y 3SSe|ON

9107 “[e 19 43SSR1IS ‘6 10T ‘O||9LBISOIN /61 ‘BullSSIy ‘996 ‘1onber 19107 ‘19){eyplng 18 JeiD w661 “[e 33 3||IAsg
/00T “|e 19 Siejjoley) ‘8661 ‘ebniewwos R pieyying ‘g1 0z ‘1unualg ‘86 ‘[9puolg Ja)e suonelou diydesbiielisoyl| pue sadAy 3d0y “InoAe| 95e4NsgNS JULIND SH Ul DD Y3 Aq paiaiunodud A60]joab ay) 03 s19)a1 eale pjog

Quos|iew pue

+xxUOIRUWLIOS

xxxUOIIRWIOS

LA TND 2uo1saWI| AJew 01 AaAe D 1RI3[|9A 'UOIBWLIOS [BY3S|eg 1RI3||9A 'UOIRUWLIOS [BYIS|ey UeIPIOXO
2U01s auolIsawl duelg ‘(lun-gns QuOlISawIlT duelg ‘(lun-gns
S)ney -9WI| 9AISSPW SSWIIBWOS  UOD[edeR]| ) UOIIRWIOS $19]|01F  UOD[eCR] ) UONeWIOS S13]|013
SAI12€ ‘SUOQUBD0IPAY ISIEY INTDa  ‘suoisaull] AaKepd Dniwojog ‘UOI1BWLIOS Ydequuem| 'UOIBWIO UYdequUBM | uelbpLRWWIY
aywojop
AAISSEW '9U0ISS llwojop
syney '2U03ISaWI| paulelb-auy
9AI10B ‘SUOGIED0IPAY 1SIRY| aw'’p11 Aied Diiwojop ‘AISsey UOeWIOS Yydequuem| UONePWIO LDequuem| Ueluoyll | a1e dlssein(
JETWEIN] JEL[WEI]
[91BYDdN3N ‘UOIIPWIOS SUOIA  [91BYDNSN ‘UOIIBULIOS SUOIA
2uOo1sYdRd /-9deM pUe ‘UoNeULIOS [318YD-ali3ld ‘uonewIoS [a1eyD-auisld
syney 911D1WIOIQ ‘DU0oISaWI| Apues ‘uoewIO4 anoquieyd ‘uonewlo4 snoquieyd
9AI10B ‘SUOGIED0IPAY 1SIBY| ISW TN -AlJew 2U01SaWI| DAISSEIN ‘uoneulio4 biagpjon ‘uoneulioq biagplon auoISaWI ueiselag
uonew.og aydenp UoewIo SUOISOWI|
syney J111WO|Op SAWIIBDWOS ‘(J9QWIBIN SALIRINBH)  SUDENA ‘(JSQUUS\ SALISINEH) JO SUOIIB[EDIIUI YUM SUOI
9AI10B ‘SUOGIED0IPAY 1SIBY) PISW ‘auolsawi| Apues-Aaep uoljew.od 119553 puein UOI1PWIOH 1U9SST puRIDH  -BUIS)R SUOISPURS PUE 1B\ uejuibuelep
(ISqUIBN [918Y2NSN pue
JaquIB|\ SALISINEH) UONeW
(4aquispyy  -104 19553 pueIn ‘(Ustuobin
[91eYoNaN pue sdqWIB|N  SY1 AQ paaussaidai Auswio)
BU0151|IS Y1IM dUOIS 9AlI9)NEH) Uollew.I04 410Q) Uonew.o4 agqiQ,|
-aWi| ‘auoisadIeM/ -pNw 119553 pueiD ‘uoijew.log op $30109 pue UONPWLIOS
S)ney ‘2131W0|0p SaWIIBWOoS S3||2PUOIIH Sap Jaydoy S3||9PUOIIH SaP JaY20Y
SAI12B ‘SUOQURD0IPAY ISIeY| ST ‘PISW ‘auoysawi| Apues-Ajiepy 9y} JO 19qWIBI\ 2q40]|[BA 3U1 JO ISQUIS|A SCIO|[eA 2uUoISaWI| AY1S 01 Apepy UelALIRINeH
(uatuobin
2y Aq paiuasaldal Apjaulioy
410q) UONBWIOS 3G.IQ),|
uonew.of 9p $96109 pue UONPWIIOS
syney S9||9PUOIIH SIp Jaydoy SO||9PUOIIH SIP J9Yd0Y
SAI1DB ‘SUOGIED0IPAY 1SIRY| TN auo)sawWI| dAIssey 33 Jo JaquIB|\ 2qJ0]jep 9U1 JO JI9qUIB| SCIO|[_A AlIBW U31JO 'SU01saulI uelwalieg Aue3  snosdelai)
(CAGTE
(Apmas s1y3) 99s) sadfroyy| (Apmas s1y3) (Apns suonejou

spaezey |ed160]03b s,0)4

J0 uonelraiqqe

sadfioyy|

siy3) Aydesbressoyy)

oydesbnensoyin

sadAy oy

abeis yood3 pouad

(panupuod) Z 3jqey



Integrated evaluation for CERN's FCC subsurface infrastructure

mine (Fig. 1). They substantially vary in vertical and lat-
eral extent (Fig. 5, Fig. 6) and bear critical geological haz-
ards and environmental contaminations as discussed and
summarized in Table 2.

4.1.1 Balsthal Formation and Vellerat Formation

This Oxfordian interval is encountered by wells Bri-
zon-1, Chaleyriat-1, Charmont-1 and Chatillon-1D
close to the Jura in the western part of the GB, and by
Humilly-2, La-Chandeliére-1, La-Tailla, Musiége-1 and
Thonex-1 comprising limestone, clayey to marly lime-
stone and marl lithotype alternations. Except for well
Chaleyriat-1 and La-Chandeliére-1 with a starting
depth at 18 m and 330 m extending down to 933 m and
726 m, respectively, average top depths among these
wells range between 500 and 600 m. The exact strati-
graphic terminology of these formations is currently
debated.

4.1.2 Blanc Limestone Formation

This Kimmeridgian (Portlandian) formation is encoun-
tered in wells Faucigny, La-Chandeliere-1, La-Tailla,
Mont-de-Boisy-1, Musiége-1, Saléve-2, Savoie-104 and
Savoie-105 and Thonex-1, as dolomitic, often clayey
limestone lithotype. While wells close to the Jura encoun-
ter this formation at shallow depths of about 67 m, wells
distributed towards the South of the FCC perimeter
intersect it between 600 and 800 m and extend down
to about 1’986 m. Savoie-104 contains dolomitic lime-
stone, whereas in its neighbour, Savoie-105, the lithotype
becomes more massive and less dolomitic, starting at a
depth of 605 m and 647 m, respectively. In Thonex-1, the
formation is encountered as marly limestone of suppos-
edly Portlandian age at a depth of 1'678.60 m and extends
down into the Oxfordian from 2038.60 to 2’136 m as
massive limestone.

4.1.3 Etiollets Formation with Tabalcon Limestone sub-unit

Massive, often dolomitic limestone banks of Kim-
meridgian age in the Etiollets Formation comprise
the Tabalcon Limestone sub-unit encountered in
wells Chapery-1, Humilly-2, La-Balme-1, La-Chan-
deliére-1, Musiege-1, Savoie-106, -107, -109 and
Thénex-1. The formation makes up a substantial por-
tion of wells Savoie-106 and Savoie-107 starting from
the top of the well down to 860 and 950 m depth,
respectively, while for the other wells starting depths
range between 846 and 1’100 m extending down to
depths between 860 and up to 1’800 m in the Savoie
wells, Humilly-2, Musiege-1, Chapery-1, Thonex-1
and La-Balme-1. The Etiollets Formation without
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the Tabalcon Limestone sub-unit differs due to the
absence of dolomitic composition, making it a pure,
massive limestone.

4.1.4 Twannbach Formation and Goldberg Formation

The Late Kimmeridgian to Tithonian Twannbach For-
mation is comprised of dolomitic limestone and massive
dolomite. The Goldberg Formation is of Early to Middle
Berriasian age and bears massive, dolomitic, partly fine-
grained limestone. Wells encountering these formations
are Chapery-1, Geo-01, Humilly-2, La-Tailla, Musiege-1,
Savoie-105, -107, -108, -109 and Thonex-1, restricted to
the FCC’s western region, terminated by the Saléve and
Mandallaz lineaments to the east and south-east. Average
depths start at about 420 m and extend down to 1’680 m
in Thonex-1.

4.1.5 Pierre-Chdtel Formation

This Middle Berriasian formation consists of oolithic,
often bioclastic, white to reddish limestone and marly
interstratifications, and tends to become more massive
towards the top yet impregnated by oolitic and bioclastic
intercalations. This formation is encountered in the wells
closer to the Jura.

4.1.6 Chambotte Formation and Vions Formation

These two formations of Berriasian age are mainly
encountered by the northern wells close to the Jura. The
Chambotte Formation intersects wells Faucigny, Geo-01,
Humilly-2 and Thonex-1 comprising massive limestone,
while Brizon-1, Chapery-1, Geo-01, La-Balme-1 and
Thonex-1 account for the Vions Formation, comprised of
marly to sandy limestone. Top depths of the Chambotte
Formation start between 530 and 812 m, and extend
down to 600 to 800 m, with an exception in Thénex-1
ranging between 1’583 and 1’600 m. Adjacent thereto,
the Vions Formation extends down to 1’000 to 1’300 m,
with exceptions in Geo-01 to 600 m and Thénex-1 to
1’615 m.

4.1.7 Vuache Formation

This Valanginian formation, formerly referred to as the
Calcaire Roux (Limestone Formation) (Charollais et al.,
2007; Strasser et al, 2016), includes predominantly
sandy to marly limestone, sometimes dolomitic, and is
encountered in Brizon-1, Chapery-1, Humilly-2 and La-
Balme-1 at depths between 700 and 1’000 m, while in
the SPM and L135 wells, top strata are exposed at shal-
lower depths between 72 and 160 m in the northern part
of the FCC’s construction area. The Savoie, La-Tailla and
Musiége-1 wells encounter these formations at depths
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varying between 342 and 470 m. In Thonex-1, the for-
mation is restricted to the interval between 1’546.90 and
1’568.10 m.

4.1.8 Grand Essert Formation with Hauterive Member
and Neuchadtel Member

This formation consists of two members: the Late Val-
anginian to Early Hauterivian Hauterive Member, for-
merly referred to as the Marnes d’Hauterivian facies
(Brentini, 2018; Charollais et al., 2007) and the Early to
Late Hauterivian Neuchétel Member, formerly referred
to as the Pierre Jaune de Neuchdtel facies (Charol-
lais et al., 2007). The former is comprised of marly to
sandy limestone, sometimes dolomitic, and predomi-
nantly ochre, bioclastic mudstone (Potter et al., 2005)
and highly recrystallized wackestone. The formation
is encountered at 370 m in Brizon-1, 864 m in Chap-
ery-1, 453 m in Geo-01, 286 m in Gex-CD-01, at 0 m
in La-Chandeliére-1, at 1’647 m in La-Tailla, 263 m
in Musiege-1, at 356 m in Savoie-105, at 45 m in
Savoie-108, 177 m in Savoie-109, at 107 m and 76.5 m
in SPM1 and SPM15, and at 1’488 m in Thénex-1,
respectively, becoming richer in clay before the over-
lying Neuchéatel Member. The Neuchéitel Member
consists of limestone with minor associated marl, and
ochre-coloured, glauconite-bearing, bioclastic wacke-
stone/packstone, encountered in wells Chapery-1, Geo-
01, Gex-CD-01 and -06, L130, La-Balme-1, La-Tailla,
Musiége-1, SPM2, SPM11, SPM15 and Thonex-1. Typi-
cal for this formation is its richness in bivalve shell
fragments. Top depths range in the GB’s northern wells
between 120 and 430 m, whereas Thonex-1 marks an
exception starting at 1’425 m. Top depths of about
800 m are common due to the adjacent Jura mountains
(Chapery-1) and associated elevated topography.

4.1.9 Rocher des Hirondelles Formation with Vallorbe
Member

This Late Hauterivian to Late Barremian formation
is encountered in wells Brizon-1, Chapery-1, Fau-
cigny, Geo-01, Gex-CD-03, -04, -06, Grilly, Humilly-1,
Humilly-2, L112, La-Balme-1, La-Tailla, Messery-1,
Mont-de-Boisy-1, Musiége-1, Savoie-104, -105, -108,
-109, SPM1-3, SPM5 and Thoénex-1. In some well
reports the differentiation between the Vallorbe
Member and the Neuchatel Member is not clear and
refers to Barremian age. The main lithotype of this
formation is massive limestone, often associated with
sandstone and calcareous marlstone. Sandy-marly
limestone is associated to the Vallorbe Member as
well, when combined with the Neuchitel Member.
Together with the Late Hauterivian to Late Barremian
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Gorges de ['Orbe Formation, these two formations
today represent the former Urgonien, as referred to in
older well reports.

4.1.10 Transition zone and Siderolithic Formation

The Mesozoic-Cenozoic(?) Transition zone has been
extensively researched in the past years. Its temporal
relationship is not yet scientifically proven—as is its
informal name used here—but the sandstone-bearing
unit comprises an Eocene(?) siliciclastic formation
including karstic alterations, which have been erro-
neously combined with the Siderolithic Formation in
older well reports. Latest considerations suggest that
these lithologies could be part of the Perte-du-Rhéne
Formation, also referred to as Gault.

The Siderolithic Formation consists of continental
sandstone likely deposited in a fluvial environment
with the sedimentary source derived from the detri-
tal Triassic of the eastern edge of the Central Massif
(Conrad & Ducloz, 1977). This zone has yet not been
fully investigated, and ongoing, unpublished studies
in conjunction with the Transition zone characterize
it as an assembly of centimetric blocks of beige, glau-
conitic, bioclastic limestone of the Mesozoic base-
ment, cemented by marly, glauconitic sandstone, with
angular quartz on a multi-decimetre-scale, primarily
encountered in all Gex wells at depths between 230
to 290 and 395 to 412 m, respectively, in well Geo-02
between 630 and 714 m. Very fine cemented sand-
stone is associated with this limestone lithotype. Cer-
tain core samples in Gex-CD-02 show the presence of
polygenic conglomerates with quartz and limestone,
embedded or perforated in a ferruginous, ochre clay
cement. The Siderolithic Formation has been formerly
referred to as the Gompholite facies (Charollais et al.,
2007, 2013) and is encountered in wells Charmont-1,
Chatillon-1D, Faucigny, Geo-02, Gex-CD-02 to -06,
Humilly-2, La-Chandeliére-1, Musiége-1, Savoie-106
and 107 as well as Thonex-1. Figure 4 (S6) shows an
outcrop of the Siderolithic Formation in the northern
part of the FCC construction area, yielding a high con-
tent of quartz (appr. 99%).

The GR log indicates a distinct offset to lower values
in the respectively logged well-logs, while the SP log
increase up to 10 mV across all wells for the Transition
zone. The LN resistivity log shows a high offset from 20
to 2000 Ohm*m, similar to the SN although in the order
of 2 to 20 Ohm*m. Both logs, along the SP log, associ-
ate increased values to a higher clay content. The DT
log depicts a decrease of travel-time, making the Sidero-
lithic Formation a slow formation in terms of compres-
sional wave velocity, substantiating its potentially karstic,
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Chambotte Formation

Etiollets Formation - Tabalcon
Glaciogenic deposits

@ Goldberg Formation

Grand Essert Formation - Hauterive

Grand Essert Formation - Neuchatel 10,
Grés et Marnes Gris a gypse
Molasse Rouge

Roch. d. Hirond. Formation - Vallorbe
Siderolithic

Twannbach Formation 30

clay minerals a.o. sheet silicates

70

Vions Formation

Vuache Formation

10 20 30 40
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ankerite

50 60 70 80 90
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Fig. 7 Lithotypes for wells Montfleury-2 and L112 as well as outcrops Mornex, Biollay, Nyoux and Sarzin-R for various geological formations
encountered in the Geneva Basin based on QEMSCAN measurements. Mineral abbreviations: Qz quartz, Fsp feldspar, Cal calcite, Dol dolomite, Ank

porous characteristics. GR values (<57 gAPI) indicate
sand-dominated intervals, which partly increase for a
few meters when cemented with higher amounts of shale.
This is also reflected by high resistivity values across all
wells.

Mineralogical analyses (QEMSCAN) of related out-
crops (Fig. 7) reveal an associated limestone lithotype.
The Sarzin and Biollay outcrops (Siderolithic Formation)
show a sandstone lithotype exceeding 90% in quartz by
volume, with varying claystone content from 0 up to
34%. In contrast, the Mornex and Nyoux outcrops show
a tendency towards a limestone lithotype. A character-
istic feature compared to the overlying Molasse Rouge
sandstone lithotypes, is the fact that Siderolithic sand-
stones do not appear stratified on both a micro- and
macroscopic scale. This facilitates their identification in
the field.

4.1.11 Molasse Rouge

The Molasse Rouge, often informally referred to as
Marnes bariolées, comprising a subset of the LFM
(Charollais et al., 2007, 2013; Kissling, 1974), is dated

to Chattian age (Early Oligocene) and split into an
Upper and Lower unit. The lower succession is dom-
inated by clayey to partly silty limestone, making the
Lower unit rich in clayey limestone from ca. 240 m
down to the Transition zone in the Gex wells. Alter-
nating thin beds of very fine to fine sandstone occur,
rarely with medium and laminated, clayey siltstone
or green, marly claystone. Nodular, highly biotur-
bated limestone with mollusc fragments were formerly
correlated to the Grilly Formation (well Grilly) and
interpreted as deposits of a palustrine environment
(Charollais et al., 2007). The upper succession is com-
prised predominantly of sandstone with intercalations
of marlstone across all wells, excluding those closer
to the Jura. Freshwater limestone intermingled with
palustrine breccias is associated with the lower suc-
cession. The sandstone of constant thickness is fine
to medium-grained, showing a gradual decrease in
grain size from top to bottom, with rather subangular
grains and weak strength. This green-grey sandstone is
comprised of quartz, feldspar, muscovite, and biotite,
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sometimes occurring with soft, clayey pebbles dis-
persed in a clayey matrix in layers.

Encountered along the measured depth, the Savoie-109
well does exceptionally not transition into the Molasse
Rouge, but directly into the limestone-bearing Rocher
des Hirondelles’ Vallorbe Member, equivalent to those
encountered in the adjacent Rumilly and Valserine basins
further to the south of the Geneva Basin. This well only
shows Molasse Rouge at its base, which is also reflected
by its higher drilling altitude compared to that of adja-
cent wells in this cross section.

The Molasse Rouge formation shows 13 lithotypes
across all sampled wells (Figs. 5, 6, Table 2). This implies
the necessity to define ranges for each mineral as meas-
ured by QEMSCAN and XRD analyses. Quartz, calcite
and dolomite (ankerite) make up most of the forma-
tion with average values up to 80%, 50% and 25% by
volume, respectively, but vary laterally across all wells
from North to South. Calcite values reach up to 100%
in Gex-CD-04 and -07 at about 200 m, representing the
freshwater limestone lithotype (Fig. 8) associated to the
Molasse Rouge. Total clay mineral volumes are quanti-
fied up to 60% (Fig. 9), constituting swelling potential in
the Molasse Rouge.

GR log values vary between 5 to 100 gAPI across
all wells with heterogeneous log patterns. The DT
log remains at averaged constant values of 50 us/ft,
decreasing up to 20 ps/ft before entering the under-
lying Siderolithic Formation and Transition zone in
e.g. the Geo-01 well. Resistivity logs remain at aver-
age values between 20 and 200 Ohm*m, except for
thin depth intervals of a few meters bearing hydro-
carbons, hence showing increased values above 200
Ohm*m. NPHI and RHOB logs show separated log
curves, making the Molasse Rouge appear imper-
meable due to its shale content (Fig. 10). Permeable
zones are only detected below the Molasse Rouge
in the Transition zone and Siderolithic Formation,
suggesting compacted, sandstone-bearing intervals
(Figs. 9, 10).

4.1.12 Grés et Marnes Gris a gypse

The Gres et Marnes Gris a gypse is part of the LFM
Molasse formation in the Geneva Basin, and an equiva-
lent to the Molasse Grise towards the northern area of
the western SMB around Lausanne preserved in the
foredeep of the GB. According to various well reports,
the Grés et Marnes Gris a gypse is encountered only in
the Thonex-1 well (Fig. 10), making the northern part
of the FCC construction area more likely exposed to
the Grés et Marnes Gris a gypse, and suggesting com-
plete erosion towards the south. The formation is dated
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to Late Oligocene (Middle/Upper Chattian) and is char-
acterized by an increased amount of anhydrite/gypsum,
intercalated in sandstone and marlstone of various grain
sizes. While the northern boreholes (e.g. Geo-01 and
Saléve-1) directly transition into Molasse Rouge, the
Thonex-1 marks an exception with Gres et Marnes Gris
a gypse being encountered between 73 and 364 m. This
complies with the fact that Grés et Marnes Gris a gypse
lenses have been geologically mapped in FCC’s northern
construction area and are delimited by the syn- and anti-
cline structures (Fig. 1). Further wells encountering the
Gres et Marnes Gris & gypse are Messery-1 and Mont-de-
Boisy-1, ranging from 18 to 560.50 m and 748 to 1774 m,
respectively. On the contrary, the C1-C3 wells do not
show any traces of gypsum in the north-northwestern
part of the basin.

In the Thénex-1 well, QEMSCAN measurements yield
up to 30% of gypsum by volume, occurring as anhydrite
in the subsurface, and decreasing towards the underly-
ing Molasse Rouge. This is a decisive characteristic, as
the FCC entirely crosses this formation in its currently
planned subsurface alignment, raising concerns for oper-
ations and maintenance due to anhydrite swelling poten-
tial in this formation (Fig. 9).

Log differences between the Molasse Rouge and Gres
et Marnes Gris a gypse are difficult to establish, and
only slightly visible in lower averaged SP values rang-
ing around — 20 mV in the Gres et Marnes Gris a gypse
formation, compared to the Molasse Rouge of — 10
to+20 mV. The distinctive characteristic remains the
increased anhydrite/gypsum content in the Greés et
Marnes Gris a gypse formation.

4.1.13 Glaciogenic deposits

Glaciogenic sediments of Quaternary age, often mis-
takenly grouped as the “Moraine Formation” in techni-
cal reports, summarise terminologically deposits that
were influenced by glaciers, glacial erosion/deposi-
tion or subsequent geomorphological processes, and
formed during last pre-glacial, post-glacial, glacial and
interglacial periods. They consist of compacted till
made of sandy to clayey gravel mixtures, often with
0.5 to 2 cm-sized clasts of grey-beige plastic consist-
ency and a mixture of fine-grained sand, embedded in a
beige, clayey matrix. These sediments are encountered
by all wells and range from about 2 m to up to 110 m
depth, overlying the Molasse Rouge or Grés et Marnes
Gris a gypse in e.g. wells Thonex-1, Messery-1 and
Mont-de-Boisy-1. The greatest thicknesses are encoun-
tered in wells Gex-CD-05 and Gex-CD-06 with 37 and
110 m, respectively. However, these glacial deposits
are typically irregular in thickness and lateral changes
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Fig. 11 Matrix density versus volumetric photoelectric factor for the derivation of lithotypes based on well-log calculations from Geo-01s density

[l Grand Essert Formation (Neuchatel): [407.5 - 453]

are caused by depositional or erosional processes. The
post-glacial sediments are mostly fluvial and lacus-
trine and show a harder consistency, while the LGM
moraines depict till and show a more loose but sticky
consistency.

Interglacial deposits were formed between the gla-
cial periods in the Late/Middle Pleistocene and occur
either in cemented or unconsolidated form, while post-
glacial deposits overlay these interglacial deposits. The
latter consist of coarser gravel and sand, also com-
monly referred to as Alluvion Ancienne, which overlay
fine-grained sediments in e.g. the Montfleury-2 well
(Wegmiller et al., 1995). The post-glacial deposits
consist of thick packages of variably cemented coarse
gravel and sand, most likely deposited in a pro-glacial
fluvial environment. These deposits are in-situ inter-
calated with dark-grey, clayey mudstones with traces
of pollen.

GR logs show a tendency towards sandy intervals
(low values) compared to the underlying Molasse
Rouge, similar to the unconsolidated glacial sediments.
Related DT logs show high values of 120 ps/ft, indi-
cating loose, unconsolidated characteristics of these
deposits. However, most logs show erroneous values

since their data processing and theoretical analyses are
based on consolidated rather than loose and unconsoli-
dated rock.

4.1.14 Topsoil

Holocene (recent) topsoil commonly marks the first 2 m
of wells, represented by gravelly to sandy, unconsoli-
dated material. Among the well reports depicting topsoil
descriptions over a period of 70 years, two terms are
interchangeably used: the term “colluvium” referred to a
mixture of eroded, unconsolidated slope deposits, while
the obsolete term “alluvium” was used to indicate fluvial
deposits. These intervals are not logged.

4.2 Petrophysical lithotyping

Based on gamma-ray interaction logs (RHOB, PEF) and
preceding calculated petrophysical parameters, litho-
types from logging curves are derived (Fig. 11) for well
Geo-01 in the northern part of the basin, with a focus
on the FCC’s encountered Quaternary, Molasse Rouge,
Grand Essert Formation’s Neuchatel and Hauterive
members. A three-mineral model is assumed depicting
quartz, calcite, and dolomite. The log lithotype model
shows a quartz-dominated interval in the Hauterive
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Member and Neuchatel Member, with a matrix density
between 2.70 and 2.75 g/cm?® and a volumetric pho-
toelectric factor between 4 to 8 b/cm?, influenced by
silty to clayey components. The Molasse Rouge forma-
tion shows a heterogeneous matrix density distribution
between 2.55 and 3.13 g/cm® with volumetric pho-
toelectric factors of 4 up to 16 b/cm?. Occurrences of
muscovite are observed in log lithotypes, and the min-
eral variations are well represented in the mineralogical
analyses. The calcareous formation contains dolomite
and calcite, which are both well captured by the PEF
log. The glaciogenic deposits reflect a similar behav-
iour, with less variations for the matrix density rang-
ing up to 2.95 g/cm?, and showing lesser abundance in
muscovite.

5 Discussion

5.1 Geological formations encountered by the FCC

The number of geological formations possibly
encountered by excavation and engineering opera-
tions for the FCC construction depends on its final
tunnel alignment but is hereby established and dis-
cussed on the current layout (Abada et al., 2019)
and available information. Understanding the basin’s
geological history is important for the FCC as it ena-
bles making reasonable assumptions and stratigraphic
concept extrapolations to regions which might have
not yet been investigated but would be targeted in
future investigations.

The latest feasibility phase layout ranges at depth
intervals between the highest topographic level (shaft
construction) and 100 to 300 m ASL (main tunnel and
experimental cavern construction), and intersects
13 geological units comprising 25 lithotypes. With
respect to the basin’s architecture, the LFM Molasse
Rouge sediments seem to onlap the Cretaceous forma-
tions in the Saleve wells, while the Vuache Fault might
have acted as a separation of continental and marine
lithostratigraphic Molasse formations, separating the
Chattian and Rupelian successions in the western part
of the Geneva Basin. This suggests that the region to
the west of the Saleve may have been uplifted relative
to the adjacent eastern Bornes Plateau (Fig. 1), poten-
tially having caused less exposure to humid climate at
the Bornes Plateau and complying with proposed influ-
ences of Molasse Rouge erosion in the literature. As
depicted in Fig. 1, the Rupelian formations were depos-
ited next to the Subalpine chain in the eastern part, sub-
stantiating the view of uplift and causing erosion in the
western part. However, the encountered Siderolithic
Formation, which is likely to have been eroded to the
east of the Saléve, indicates thickening towards the Jura
in the north-west. This would infer a (shallow) marine
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environment during its deposition in the hinterland of
the Geneva Basin and a continental environment in its
foreland, likely to be part of karstic intervals and fol-
lowing an extension of the model proposed by Kaelin
and Kempf (2009). Considerations on geological cli-
mate conditions could be significant at this point since
hydrocarbon occurrences are predominantly linked to
marine conditions. The Saléve wells being positioned
close to the Vuache Fault, encounter reduced thick-
nesses of Molasse Rouge sediments compared to the
northern wells. This could infer two different settings
across the Geneva Basin: a predominant continen-
tal environment in the north-east and a marine one in
the south-west of Burdigalian(?) age, which might have
been likely connected during the Chattian leading to
thick accumulations of Molasse Rouge deposits in the
north-eastern part of the Geneva Basin (Moscariello
et al., 2014). This might hamper the FCC construction
by increased hydrocarbon accumulations in the realm
of the GB towards the south-southwest, where the pro-
posed marine environment conditions prevailed during
accumulation. Furthermore, these hydrocarbon indices
might follow migration paths created along fault sys-
tems such as the Vuache Fault as well as the northern
syn- and anticline structures that also seem to delimit
the Greés et Marnes Gris a gypse formation in the north-
ern part of the basin.

The identified hiatus of about 72 Ma (Allen et al,,
1991; Sinclair & Allen, 1992; Sinclair et al., 1991;
Trumpy, 1973) separates rocks of Aptian age in the
Geneva Basin (Brentini, 2018; Rusillon, 2018) from the
overlying Siderolithic Formation of estimated Eocene(?)
age (Charollais et al., 2007). This hiatus resulted prob-
ably from subaerial exposure and consequent develop-
ment of an erosive and deep karst system at the top of
the Mesozoic series, which played a predominant role in
the establishment of an aquifer drainage system within
Cretaceous and Jurassic limestones across the GB, and
implies karstic hazards for the FCC construction at
these depth intervals.

5.2 Modelling of well density

The FCC’s current feasibility phase requires the evalu-
ation of existing wells, which allow the interpolation
and extrapolation (modelling) of geophysical well-log
data, stratigraphic information, and laboratory analy-
ses to deduce subsurface information on regions with
low or no data coverage. The modelling result aims
for optimal well placement as part of upcoming site
investigations. Consecutive site investigations are
planned to narrow down final shaft placement and
surface installations. Well density coverage modelling
is based on wells located within a 2 km radius of the
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results of future site investigations

Fig. 12 FCC well-data density coverage map based on its current tunnel alignment based on 661 wells. The model will be updated following the
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FCC’s current layout. Therefore, for this model wells
located within the FCC ring perimeter and along a lat-
eral extension of up to 2 km outside of the ring have
been accounted for, filtered for a minimum depth of
10 m from topographic level to 300 m ASL (Fig. 12).
There is a distinct lack of wells between the southern-
most point (Jura, “Mandallaz limestone”) and the east-
ernmost point at the Bornes Plateau (Fig. 1), as well as
to the east of Lake Geneva along the FCC footprint. It
is suggested that future site investigations, e.g. seismic
surveys and drilling campaigns, should first aim for
these areas. Relevant correlation and laboratory data
from this study should then be integrated with the
gathered measurements. Assuming the encountered
stratigraphy and similar rock behaviour, no additional
laboratory analyses would have to be conducted, as the
information compiled for this study is abundant.

5.3 Lithotype analysis

Based on rock core samples and well reports, the top-
soil, post- and interglacial unconsolidated deposits
comprise a mixture of conglomerate and sandy-gravelly
clay of fluvio-glacial origin. The lithotypes associated
to the Molasse Rouge formation consist of irregular
alternations of sandstone, often bearing hydrocarbons
(Figs. 7, 8), siltstone and claystone (Figs. 8, 13), divided
into an upper sandstone succession (Upper Chattian)

and a lower clay-limestone succession (Lower Chattian),
as well as layers of anhydrite/gypsum, then transition-
ing into pure limestone lithotypes in the underlying
Mesozoic units of the Jura. The Grés et Marnes Gris
a gypse comprises higher amounts of anhydrite/gyp-
sum and shows higher volumes of limestone lithotypes
(Fig. 13) in the northern part of the FCC construction
area compared to the Molasse Rouge. The Siderolithic
Formation and Transition zone consist of beige sand-
stones and karstic breccias with carbonate elements of
the substratum embedded in clayey sands. The Ceno-
zoic Neuchatel and Hauterivian members of the Grand
Essert Formation feature massive limestones and ochre,
bioclastic, glauconitic marls. Karstic limestones are
encountered in the Cretaceous Vallorbe Member of the
Rocher des Hirondelles Formation towards the FCC’s
southern construction area. The goal of the sand-silt—
clay model (Fig. 14) was to derive estimate volumes of
sand, silt and dry clay, as well as respective clay bound
water and formation water solely based on well-logs
to set them into context with lithotypes derived from
cores. This also includes qualification of the clay type,
i.e. dispersed, laminated, or structural, to correlate and
associate the quantified volume with swelling clays
in both the Molasse Rouge and Gres et Marnes Gris a
gypse formations.
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Required inputs are neutron porosity, bulk density,
true formation resistivity, flushed zone resistivity, for-
mation temperature and water resistivity. The model
is calculated based on available well-logs, petrophysi-
cal and geochemical laboratory data for well Geo-01
located in the northern part of the FCC construction
area and shows high amounts of clay-bound water at
depth intervals from 130 to 140 m ASL and 150 to
200 m ASL, together with a moderate amount of sand.
Clay-bound-water decreases upwards towards ground
level. Water content (formation water) remains con-
stant from 375 to 80 m ASL but shows increased val-
ues between 70 and 20 m ASL, together with higher
sand and reduced silt and clay content. The log solid
rock volumes seem to correlate well with mineralogi-
cal analyses, also with respect to their volumes. This
might suggest financial savings for upcoming FCC site
investigations, as a first estimate of such a sand-silt—
clay model and respective excavation volume estimates
could be based on robust and proven well-logging
analysis during site investigations prior to any labora-
tory analyses. QEMSCAN and sand-silt—clay model
results follow similar trends in the Molasse Rouge:
while QEMSCAN shows higher amounts of quartz, the
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model includes all (clean) minerals making up sand-
stone, i.e. quartz. The high amount of silt could be
associated to the indication of impermeable intervals
in the NPHI-RHOB plot, as well as Vg log calcula-
tions depicting a similar trend. Based on the derivation
of clay type (Fig. 15) for subsequent logging analysis,
this confirms the applicability of a solid predictive
approach based purely on well-logs, neglecting min-
eralogical analyses, and requiring CEC, core poros-
ity and core grain density measurements, which have
already successfully been measured and could be
taken as proxies for future investigations. CEC meas-
urements proved to be useful for the calculations of
exchange cations per unit pore volume (Qy,. At pre-
sent, lithotyping solely based on petrophysical analy-
ses would suggest successful log calibration applied
to compensate for the Molasse Rouge’s heterogeneity
and adequately define sandstone- and shale-bearing
intervals. A clear distinction between the Molasse
Rouge and Gres et Marnes Gris a gypse could not be
established without explicit laboratory data since the
difference of SP values by -20 mV reflects the error to
be overcome by mineralogical analyses. The Molasse
Rouge tends between dispersed and structural shale,
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with single samples showing clean zones. The Meso-
zoic clayey limestones show lesser content in clay.

5.4 Geological hazards

The FCC’s geological hazards are stated in Table 2,
which provides a list of ascertained occurrences of
swelling rocks, hydrocarbon-bearing and karstified
intervals, active faults, and water aquifers based on a
lithostratigraphic subdivision of the subsurface. The
identification of geological hazards is discussed below
and would impact all subsequent project phases span-
ning over a period of over roughly ten years. As such,
these factors would affect environmental impact assess-
ment in the current feasibility phase, optimal well place-
ment prior to site investigations in the technical design
phase, and excavation progress during the construction
phase.

5.4.1 Swelling rocks

When dry clay is subjected to water, swelling occurs
in two phases based on a layer structure, charge and
exchangeable cations of clay minerals, i.e. smectite
(montmorillonite). The first phase describes intra-
crystalline swelling due to hydration of exchangeable

M. Haas et al.

cations, while the second phase, osmotic swelling,
stems from the difference of ion concentrations at the
clay mineral surface compared to a lower concentra-
tion in the pore water solution. These two types of clay
swelling are reversible, whereas the irreversible third
type refers to anhydrite swelling incorporating water by
the formation of gypsum. Intra-crystalline and osmotic
swelling cause a volume increase of up to 200% (Jas-
mund & Lagaly, 1993), while anhydrite swelling depicts
volume increases up to 61% (Anagnostou, 2007; Steiner,
1993). In tunnelling, swelling is mostly associated with
osmotic swelling, caused by the deconsolidation of clay
minerals and their subsequent incorporation of water
molecules.

The Greés et Marnes Gris a gypse contains a high
amount of anhydrite/gypsum (Fig. 10), potentially
leading to crystalline swelling. Note that QEMSCAN
analyses chemical compositions, which do not allow
a differentiation between anhydrite and gypsum. This
fact favours XRD analysis, which allows to distinguish
anhydrite and gypsum, and furthermore allows a quan-
titative approach and improved identification of fine-
grained particles and clay mineral analysis. Based on
clay minerals’ chemical behaviour, gypsum occurs on
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Fig. 16 Overview of swellable clay (smectite) from XRD measurements for 8 wells. The northern wells (Gex-CD-07 and Peissy-I) show a high
variability, depicting maximum smectite values of 17.2%
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surface while anhydrite is encountered in the subsur-
face (Wanninger-Huber, 2019). Anhydrite is encoun-
tered in the Savoie-104 well, and the Savoie wells as
well as SPM2, SPM3 and SPM5 representing an anhy-
drite swelling hazard. The Balsthal/Vellerat formations
might show a similar chemical composition as the
Molasse Rouge for associated marl lithotypes, which
bear swelling potential due to smectites, also encoun-
tered in the clayey limestone of the Etiollets Forma-
tion’s Tabalcon Limestone sub-unit. The Molasse Rouge
contains less anhydrite/gypsum but higher concentra-
tions of smectite in clay, silty clay and clayey silt (Fig. 9)
of up to 17.2% by volume (Fig. 16). With respect to
anhydrite swelling, dedicated laboratory swelling tests
are required for geotechnical design calculations of
the FCC’s tunnel infrastructure. Former research suc-
cessfully used such swelling test results to numerically
retrieve design value estimates of swelling pressures for
final tunnel lining optimizations (Kovari & Vogelhuber,
2014).

Sandstone (S1-S6), mud- and siltstones (M1-M5) litho-
types show maximum Enslin-Neff water absorption of up
to 58.9 wt.% (in Geo-02, Fig. 9) leading to swelling dur-
ing construction. However, minimum Enslin-Neft water
absorption values of 2.8 wt.% are represented by hydro-
phobic, hydrocarbon-bearing sandstone (HC). Detecting
water absorption phenomena in geophysical well-logs
is difficult, and only feasible in a qualitative manner via
resistivity or neutron/density logs, potentially indicative
of water/hydrocarbon-bearing rocks.

Log responses to detect swelling potential are related
to (swellable) clay content in the SP log, which indi-
cates slightly lower values in the Gres et Marnes Gris a
gypse formation compared to the Molasse Rouge. This
is most likely related to higher contents of anhydrite/
gypsum in the Gres et Marnes Gris a gypse formation,
as also measured by QEMSCAN, subjecting the type of
voltage difference to the SP’s membrane potential in the
Molasse Rouge due to higher occurrences of clay, rather
than the liquid junction potential. However, while logs
might indicate qualitatively the hazard of swelling, min-
eralogical analyses remain crucial for its quantifica-
tion. Both the Molasse Rouge and Grés et Marnes Gris
a gypse formations bear a hazard for all three types of
swelling.

5.4.2 Bituminous and gaseous hydrocarbons

An extensive overview of environmental thresholds for
heavy-metal ions and hydrocarbons for usage and dis-
posal of excavated rock has been reported in Haas et al.
(2020a) and (b)). While these results are to be presented
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in a future study, the lateral and vertical distribution of
hydrocarbons are discussed from a stratigraphic point of
view along the two cross sections (Figs. 5, 6).

Substantial amounts of hydrocarbons are detected in
the massive dolostones in the Goldberg and Twannbach
formations and are encountered in all wells featuring
these two formations. The Vions Formation shows indi-
ces of hydrocarbons, as shared with the Grand Essert
Formation’s Neuchatel Member. Although hydrocar-
bons occur predominantly as bitumen, well Geo-01-
DAS located about 300 m next to the deeper Geo-01
well, shows the presence of gaseous hydrocarbons in
the Molasse Rouge. This suggests that gas-bearing
(hydrocarbon) horizons are likely to be encountered in
the northern part of the construction area and should
be addressed during site investigations. Cretaceous
carbonates show indications of heavier oil and asphalt
if they are fractured. With respect to their total well
depths, the Gex-CD-01 and its neighbouring Gex-
CD-07 well show the highest hydrocarbon indices in
medium to coarse-grained sandstones in the Molasse
Rouge (HC lithotype, Fig. 4) and in Mesozoic limestone
formations (Fig. 5). For cross section B, all wells show
indices of hydrocarbons (bitumen) with larger amounts
in the Geo-01, Geo-02, and Saléve-2 wells (Fig. 6). No
traces of gas were observed in the cored intervals of the
Gex wells. This suggests local gas accumulations rather
than laterally extensive gas horizons and complies
with minor industrial hydrocarbon exploration success
across the basin in the past. In some rare occurrences
(e.g. well L134B), the Quaternary deposits also contain
bituminous hydrocarbons.

An increasing trend of large amounts of accumulated
hydrocarbons is interpreted from south to north across
the basin since the northern wells (Gex-CD-01, Gex-
CD-07, Peissy-I, SLHC-wells, C-wells) contain most of
the hydrocarbons within the studied area. An exception
is marked by the Thonex-1 well, which, in the same area,
crosses large amounts of the Gres et Marnes Gris a gypse
formation. However, the Grés et Marnes Gris a gypse
does not explicitly exclude hydrocarbon occurrences.
Apart from the Molasse Rouge, deeper carbonate forma-
tions in the former Urgonien facies (Lower Cretaceous),
Muschelkalk (Middle Triassic) and Buntsandstein sand-
stone (Lower Triassic) also show hydrocarbon indices in
wells Chatillon-1 and Charmont-1, close to the Jura in
the northwestern sector of the FCC’s construction area.
While these units are not primarily ranging within the
projected FCC construction depths, adjacent faults might
represent potential migration pathways for hydrocarbons
toward the FCC depth intervals.
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5.4.3 Karstified intervals

Karst created a significant litho-technical hazard dur-
ing LEP subsurface construction in the 1970’s, substan-
tiated in documentation from SPM wells. Reports of
Saleve wells document rapid loss of mud circulation into
fractured limestones, which finally caused a forced well
closure (Conrad & Ducloz, 1977; Géotechnique Appli-
quée Dériaz & SA (GADZ), 1981b, 1982b). This leads to
the assumption that karst formations are not restricted
to the northern FCC construction area but could be
encountered also in fractured limestone formations in
the south. Both the Chambotte Formation and Transition
zone imply karstic occurrences, not necessarily exclud-
ing characteristics like those encountered in the porous
Siderolithic Formation (Fig. 8). The Twannbach Forma-
tion, the Roches des Hirondelles Formation’s Vallorbe
Member, the Vions Formation and the Grand Essert
Formation’s Neuchatel Member represent a substantial
hazard for karst, extending across several tens of meters
vertically. Since the FCC’s current layout runs at several
depth intervals through the Transition zone, geophysi-
cal seismic surveys should be conducted targeting these
formation.

5.4.4 Fault structures and water aquifers

The FCC’s current footprint crosses several active faults,
synclines and anticlines, which bear a certain geological
hazard of inducing an active stress regime around the
tunnel perimeter during construction. This goes along
with hydrocarbon migration paths along fault and frac-
ture networks, which could lead to environmental con-
tamination. The identification of faults and associated
hydrocarbon migration paths should be investigated by
future (3D) seismic surveys. One of the main active faults
is represented by the sinistral strike-slip Vuache Fault in
the southwestern corner of the FCC’s planned construc-
tion area (Fig. 1). Another offset in geological formations
is shown by the Subalpine Thrust, which per se is not
active but indicates a displacement in the spatial arrange-
ment of encountered formations. The syn- and anticline
structures observed in the northern part of the proposed
FCC perimeter do not reflect an active fault scenario.
However, their geological trend is suggested to be studied
with more accuracy, since it would allow better predic-
tion of the Grés et Marnes Gris a gypse lateral and ver-
tical distribution, a formation prone to swelling, as well
as the distribution of unconsolidated glaciogenic depos-
its that are captured in between syn- and anticlines and
that presently host important groundwater reservoirs.
The large erosional valleys located at the Valley of Aire
and at Petit Lac in the northern part of the FCC area
are filled with unconsolidated, clayey sediments, usually
referred to as mudstone of postglacial origin (Fiore et al.,
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2002; Moscariello et al., 1998), and would pose a substan-
tial hazard for the FCC shaft construction due to affected
groundwater aquifers (Fig. 17). The Quaternary deposits
represent one of the main water reservoirs in the Geneva
Basin towards the northern part of the FCC construc-
tion, in close vicinity to syncline and anticline structures.
Above these deposits, impermeable Late Pleistocene sed-
iments seal the water reservoirs.

6 Conclusions

This study aims to provide the basis for a vast set of engi-
neering and environmental undertakings as part of the
Future Circular Collider project commissioned by the
European Organization for Nuclear Research (CERN) in
the Geneva Basin across the Swiss-French border. The
objectives were to identify the geological formations
in the subsurface of the Geneva Basin and link them to
the geo-engineering construction of the FCC to address
geological hazards and encountered lithotypes. A multi-
disciplinary approach was chosen by carrying out petro-
physical, mineralogical and geochemical laboratory
analyses from available rock cores in conjunction with
digitized geophysical well-log analyses.

The geographically defined Geneva Basin consists in
chronostratigraphic order of Holocene topsoil, Qua-
ternary post-glacial deposits and LGM moraines,
inter-gacial and pre-glacial sediments, which overlie
the Oligocene Molasse Rouge and Grés et Marnes Gris
a gypse (LEM) followed by the Eocene(?) Siderolithic
Formation. The Transition zone (Perte-du-Rhoéne For-
mation?) marks the currently researched Cenozoic-
Mesozoic stratigraphic boundary, before encountering
the Jura units represented by the Cretaceous Vallorbe
Formation, the Hauterive and Neuchatel Members of the
Grand Essert Formation and the Gorges de I'Orbe For-
mation (former Urgonien, Early Cretaceous) as well as
the Vuache, Chambotte, Vions, Pierre-Chétel and Gold-
berg formations. The Twannbach, Etiollets and currently
debated Balsthal and Vellerat formations complete the
Jurassic units of the Jura. The FCC’ stratigraphic evalu-
ation revealed 13 geological formations excluding the
Goldberg, Chambotte, Pierre-Chatel and Twannbach
formations as well as the Etiollet Formation’s Tabalcon
Limestone sub-unit, the Blanc Limestone, Balsthal and
Vellerat formations, and comprises 25 different litho-
types. A distinct lack of data remains in the western to
south-western subsurface portions of the FCC’s pro-
posed construction area.

Associated geological hazards include karstic inter-
vals in the Grand Essert Formation’s Neuchatel Mem-
ber, Roches des Hirondelles Vallorbe Member and
Vuache Formation associated to fractured limestone
lithotypes, and Cenozoic formations represented by
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the clayey sandstone-bearing Transition zone and
Siderolithic Formation. The Molasse Rouge and Gres
et Marnes Gris a gypse formations show presence of
hydrocarbons and swelling potential due to smectite
and anhydrite/gypsum occurrences, making these for-
mations the most crucial ones for prevention of pos-
sible tunnelling issues. Hydrocarbon occurrences bear
an environmental hazard encountered across all wells,
mostly in the Molasse Rouge and Mesozoic formations,
predominantly associated with fractured limestone.
The Molasse Rouge was described and identified in
north—south cross sections and divided into an upper
sandstone-dominated and a lower clayey limestone
succession, both of Chattian age. Encountered hydro-
carbons are associated prevalently with the sandstone
succession. The adopted interdisciplinary approach
allowed to ascertain a set of geological hazards that
may influence the projected engineering undertakings
and environmental impact assessment for the FCC’s
final layout and subsequent technical design phase.
The findings stipulate a robust predictive approach for
large-scale subsurface construction and lithotyping,
aimed at establishing a knowledge base for potential
application scenarios of excavated material and engi-
neering rock classifications. Moreover, future studies
should also involve the careful investigation of rock
mechanics data to derive geotechnical design calcula-
tions for the FCC’s tunnel infrastructure.
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