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Abstract

This study provides new insights into the Siderolithic Group, a 158m-thick sedimentary
succession deposited within a regionally extensive karsti₉ed unconformity spanning
tens of square kilometres. This unconformity marks the Cretaceous-Paleogene
boundary, with a stratigraphic gap of about 94Myr, ranging from the Lower
Cretaceous (Barremian–Aptian) to (likely) the Bartonian (Eocene). Using borehole
data from the GEo-02 geothermal exploration well in the Geneva Basin, our study
integrates petrography, mineralogy, geochemistry, and petrophysical analyses of
139 samples to reconstruct the evolution of this complex depositional system. Six
sedimentological subunits were identi₉ed, representing distinct phases of karst
evolution, from initial formation to in₉ll and subsequent diagenesis. Variations in
gamma ray values suggest ₊uctuating water levels within the karst system, while the
heterogeneous distribution of quartz grains indicates detrital sediment input from
both aeolian and ₊uvial sources. The mineral assemblage, dominated by siderite,
chlorite, and kaolinite, re₊ects diagenetic processes under reducing conditions, with
siderite facilitating kaolinite chloritisation in the presence of quartz. Geochemical
data and clay mineral data indicate humid climatic conditions during deposition.
The Siderolithic Group is inferred to be of Bartonian age based on biostratigraphic
constraints from analogue deposits on the Swiss Plateau, suggesting its deposition
during the Middle Eocene Climatic Optimum (MECO). This study provides one of the
few continental records of the MECO in Western Europe, recording high mercury
content possibly related to the ₊are-up in Neotethys subduction zone volcanism.
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Plain language summary

As part of the GEothermies program, the GEo-02 geothermal exploration well was drilled in 2018–2019 in the
Geneva Basin, Switzerland. This study identi₉es unique, 158-metre-thick continental deposits known as the
Siderolithic Group, and provides valuable insight into the geological history of the region and is being explored for
heat storage. Using multi-analytical methods, this study reveals how tectonic activity and climate changes shaped
its formation, leading to karst development, erosion, and a hiatus of about 94Myr, followed by continental in₉ll
during the Eocene. These ₉ndings suggest the Siderolithic Group could be one of the few known Bartonian-age
continental records linked to the Middle Eocene Climatic Optimum (MECO), a poorly understood period of global
warming.

Résumé

Cette étude apporte de nouvelles données sur le Groupe Sidérolithique, une succession sédimentaire de
158m d’épaisseur déposée sur une grande discordance régionale. Cette discontinuité marque l’intervalle
stratigraphique Crétacé-Paléogène, avec un hiatus d’environ 94Myr, entre le Crétacé inférieur (Barrémien–Aptien)
et (probablement) le Bartonien (Eocène). À partir des données du forage GEo-02 dans le Bassin genevois,
nous avons combiné des analyses pétrographiques, minéralogiques, géochimiques et pétrophysiques sur 139
échantillons pour reconstituer l’évolution de ce système de dépôt complexe. Six sous-unités sédimentologiques
ont été identi₉ées, indiquant une séquence d'événements de dépôt en tant que remplissage karstique, ce qui
a permis de reconstruire l'évolution du karst à partir de sa formation, de son remplissage et des processus
diagénétiques ultérieurs. Les unités sidérolithiques présentent des valeurs variables de rayons gamma, ce qui
suggère des ₊uctuations du niveau d'eau dans le karst pendant le dépôt. La distribution hétérogène des grains
de quartz re₊ète une histoire complexe impliquant des dépôts éoliens et ₊uviatiles, indiquant un remplissage du
karst in₊uencé par divers processus sédimentaires. L’association de sidérite, de chlorite et de kaolinite implique
des processus diagénétiques nécessitant des ions ferreux et carbonates, ainsi que la chloritisation de la kaolinite
en présence de sidérite et de quartz. Les données géochimiques et la minéralogie des argiles indiquent des
conditions climatiques humides au moment de la formation du Sidérolithique. Son âge probable du Bartonien,
basé sur la contrainte biostratigraphique des dépôts analogues du Plateau suisse, suggère un dépôt pendant
l'optimum climatique de l'Éocène moyen (MECO). Cette étude fournit l'un des rares enregistrements continentaux
du MECO en Europe occidentale, avec une teneur élevée en mercure, qui pourrait être liée à une intensi₉cation
de l’activité volcanique associée à la zone de subduction de la Néotéthys.

1 Introduction
Understanding the subsurface of sedimentary basins
in terms of lithology, mineralogical composition,
diagenetic history, and petrophysical properties is
fundamental, particularly for geothermal energy ap-
plications. In Switzerland, the Geneva Basin (Figure 1A)
has been characterised as a low-enthalpy region, with
an average geothermal gradient of 25 to 30 °Ckm−1

and a heat ₊ow ranging from 64 to 82mWm−2 (Chelle-
Michou et al., 2017). Geothermal development stalled
after the unsuccessful drilling of the Thônex well in
1993 (Jenny et al., 1995) but has regained interest as
Geneva advances its strategy for sustainable heat
production, especially for industrial processes and
district heating (Moscariello et al., 2020).

The Siderolithic Group in the Geneva Basin presents
a promising geothermal reservoir, as it overlies
a widespread karsti₉ed zone associated with a
signi₉cant unconformity at the top of the Lower
Cretaceous carbonate formations (Charollais et al.,
2007, 2023; Moscariello, 2019). The karst systemmay
enhance permeability through interconnected cavities,
while the quartz-rich sandstone and terra rossa-type
paleosols in₉ll could provide su₋cient porosity for
₊uid storage and heat exchange, making the system
potentially suitable for geothermal applications.
Similar paleokarst systems have been recognised as
promising geothermal reservoirs in various geological
settings, such as the Carboniferous in the UK (Narayan
et al., 2021; Pharaoh et al., 2021) and the Malm
aquifer beneath the Molasse Basin in the Alpine
Foreland (Bohnsack et al., 2020; Hörbrand et al.,
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Figure 1 – Location of the study area in the trans-border Swiss-FrenchGeneva Basin. (A) Structuralmap showing the distribution
of major faults (Clerc & Moscariello, 2020) and deep wells that record the Cretaceous-Paleogene (K-Pg) boundary. The studied
well GEo-02 (purple) is located in Lully area, Geneva, Switzerland (46.159871° N, 6.067610° E; WGS84). Map modi₉ed from
(BRGM, 2003). (B) Synthetic log of the GEo-02 well showing lithostratigraphic units from the Upper Jurassic to the Eocene.

2024; Schölderle et al., 2021, 2023, 2025; Zosseder
et al., 2022). Although paleokarst features are often
out of equilibrium with the current geomorphic
setting, they can signi₉cantly contribute to aquifer
porosity and permeability, and may be reactivated by
modern epigenic or hypogenic karsti₉cationprocesses
(Goldscheider et al., 2010).

This study characterises the stratigraphy, sedimen-
tology, and diagenesis of the Siderolithic Group
in the Geneva Basin, focusing on tectonic and
climatic controls on its formation. While primarily
geological, the ₉ndings also contribute to assessing
the geothermal potential of the Siderolithic Group.
As part of geothermal exploration, new data from
the GEo-02 borehole (SIG, 2020) were analysed,
revealing an exceptionally thick interval (up to
158m) of the Siderolithic Group, challenging previous
2D seismic interpretations and regional geological
models (Eruteya et al., 2024). Prior to the drilling
of the GEo-02 well, the subject of this study, all
boreholes in the Geneva Basin, aimed at hydrocarbon

and geothermal energy exploration, encountered
only thin siderolithic intervals (0.5 to 6m; Moscariello,
2019), in contrast to the signi₉cantly thicker deposits
(up to 20 to 25m) exposed at Salève Mountain,
southeast of Geneva (Charollais et al., 2007, 2023; see
Figure 1A).

The term ‘ ‘siderolithicum’ ’, introduced by Thurmann
(1832), is also known as the Bohnerz Formation
(Troesch, 1908), lacks a formally de₉ned type section
or type locality. Consequently, it does not meet the
criteria for formation status and is instead classi₉ed
as a Group (Menkveld-Gfeller et al., 2016). Generally,
it refers to iron-rich, sandy to argillaceous terrestrial
rocks ₉rst recorded in the Jura Mountains (Renevier,
1877) and the Helvetic Alps (De la Harpe, 1854; Wieland,
1976). In Western Switzerland, siderolithic deposits
have been sporadically documented in regional
studies (Becker, 2003; Charollais et al., 1994, 1998, 2007,
2013; Collet & Paréjas, 1936a, 1936b; Guglielmetti et
al., 2020; Herb, 1988; Jeannottat, 2005; Jenny et al.,
1995; Jordi, 1995; Joukowsky & Favre, 1913; Kerrien et
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al., 1998;Martini, 1962;Mathey, 1976;Moscariello, 2019;
Moscariello et al., 2020; Vernet, 1958, 1963; Weidmann,
1984). Similar deposits overlying the Lower Cretaceous
unconformity in France (Crozet, 1932; Daniou, 1979,
1981; Debelmas et al., 1961; Delaunay, 1984; Guendon,
1984; Mazenot et al., 1955; Schoeller, 1941; Simon-
Coinçon et al., 2000; Thiry & Turland, 1985; Triat, 1982;
Triat & Guendon, 1975) indicate a regionally extensive
Cretaceous–Paleogene (K–Pg) sedimentary record,
characterised by consistent facies and depositional
patterns despite lateral discontinuity and sporadic
occurrences.

The Siderolithic Group is stratigraphically positioned
above a major regional angular unconformity (Fig-
ure 1B), which separates the Lower Cretaceous
Barremian carbonate platform (c. 122Ma) from the
Oligocene Chattian Molasse (base at c. 28Ma) (Charol-
lais et al., 2023). This c. 94Myr hiatus marks major
tectonic and climatic shifts that shaped the Cretaceous-
Paleogene Boundary through karsti₉cation, paleosol
formation and siderolithic deposits. The precise geo-
logical age of the Siderolithic Group remains uncertain,
with limited biostratigraphic evidence suggesting a
Lutetian or Bartonian age, based on Eocene marine
fossils such as Nummulites incrassatus and Perna
lamarcki reported in Bohnerz-bearing deposits (von
Tavel, 1936), and a rodent molar (cf. Sciuroides sp.)
recovered from a karst in₉ll at Collombey (Weidmann,
1984). However, a re-examination of rodent teeth
from quartz-rich sandstone in the Jura foothills,
stratigraphically correlated with similar deposits in
the Geneva Basin, con₉rms a Bartonian age (Eocene)
based on a diverse and well-preserved micromammal
assemblage dominated by theridomyid rodents
(Hooker & Weidmann, 2007). This biostratigraphic
evidence links deposition to the Middle Eocene
Climatic Optimum (MECO), a transient global warming
phasemarked by intensi₉edweathering and sediment
in₊ux (Bohaty & Zachos, 2003; Boscolo Galazzo et al.,
2014; Cramwinckel et al., 2018).

2 Geological setting

2.1 Regional framework

The Cretaceous-Paleogene boundary is marked by
a sharp unconformity with a stratigraphic hiatus
from a passive margin to a continental foreland
basin due to the Alpine orogeny (Santonian; Late
Cretaceous), driven by the Alpine Tethys subduction
and the collision of the European Plate and the

Apulian Microplate; and consequently the uplift of the
southeast French Massif Central due to the Pyrenean
compression during the Late Cretaceous–early Eocene
(Olivetti et al., 2020; Séranne et al., 2002). These
tectonic processes buckled the lithosphere and
induced basin inversion, extending up to 1700 km
north of the Alpine and Pyrenean fronts, culminating
in the Helvetic Shelf buckling (P₉₈ner, 2014; Smeraglia
et al., 2021).

At the Paleocene-Eocene transition (PETM, c. 56Ma),
the Alpine foreland compression ceased, while
ongoing Pyrenean collision induced ₊exural bulging
toward the northwest (Michard, 2002; Stamp₊i et
al., 1998). This tectonic uplift led to the erosion and
karsti₉cation of 1000 to 2000m ofMesozoic limestone
(Allen et al., 1991; Schegg & Leu, 1996; Sissingh, 1997),
initiating a ₉rst phase of paleokarst development.
During the Lutetian (c. 45Ma), ₊exural subsidence
related to foreland basin development a₈ected the
Dauphinois and Helvetic shelves, while the associated
peripheral bulge provided conditions favourable for
continued karsti₉cation and subsequent siderolithic
deposition (Berger et al., 2005). By the Priabonian
(c. 35Ma), compressional stresses from the Alpine
and Pyrenean collision zones intensi₉ed and activated
the European Cenozoic Rift System (ECRIS), forming
the Rhine and Bresse Grabens (Dèzes et al., 2004;
Ziegler, 1992). East-west extension in the northern
Alpine foreland fragmented the European margin,
forming the north-south-oriented Rhine Graben and,
in the transfer zone south of the Vosges, the more
laterally extensive and structurally complex Bresse
Graben (Schumacher, 2002) (Figure 2).

Eocene warm and humid conditions were followed
by global cooling event at the Eocene-Oligocene
boundary, leading to the onset of Antarctic glaciation
(Zachos et al., 2001, 2010). Therewere intervals ofwarm
and humid conditions, including the PETM (c. 56Ma),
which caused a 4 to 8 °C global temperature rise
(Westerhold et al., 2009; Zachos et al., 2003). We
propose that the Siderolithic Group was deposited
during the Middle Eocene Climatic Optimum (MECO,
c. 40Ma), a transient warming phase (Bohaty et al.,
2009; D’Onofrio et al., 2021), marking an unconformity
from earlier erosion to active sedimentation. However,
sedimentary records of MECO in continental settings
remain scarce (El-Fawal et al., 2011;Methner et al., 2016;
Peris Cabré et al., 2023; Sharma et al., 2024). Early
Eocene volcanic activity, possibly linked to the North
Atlantic Igneous Province or Neotethys volcanic arcs
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(P₉₈ner, 2014), could have been the trigger for the
early and middle Eocene warming periods, resulting
in intensi₉ed weathering and the formation of terra
rossa. Similar processes were observed in the Eastern
Alps during the early Eocene (Ypresian) (Činčura, 1990;
Kázmér et al., 2003; Mindszenty et al., 1988).

In the Geneva Basin, the provenance of the Siderolithic
Group is debated. Some suggested in-situ weathering
of the local Cretaceous strata (Collet & Paréjas, 1936b),
while others proposed a lateritic source from the
French Massif Central Triassic unit (Charollais et
al., 1988; Conrad & Ducloz, 1977; Deschamps, 1958).
Detrital quartz is attributed to the erosion of the Lower
Cretaceous or Triassic sandstones of the FrenchMassif
Central (Charollais et al., 1988).

2.2 Geneva Basin framework

The Geneva Basin (Figure 1A) is a NE–SW trending
Cenozoic basin within the North Alpine Foreland Basin
(Chevalier et al., 2010; Moscariello, 2019). It is bounded
by the Haute-Chaîne of the Jura Mountains (NW),
Vuache Mountain (W), and Salève Mountain (SE) with
a signi₉cant faults system acting as potential ₊uid
pathways (Clerc & Moscariello, 2020).

The Alpine orogeny uplifted and caused the erosion
of Cretaceous sedimentary successions, forming
the K-Pg unconformity and intense karsti₉cation of
Lower Cretaceous carbonates. In the Geneva Basin
in Switzerland and neighbouring France, 2D seismic
pro₉les reveal extensive karst features (Eruteya et
al., 2024). Bedrock age, ranging from Valanginian to
Aptian in the Geneva Basin (Charollais et al., 2007),
varieswith erosiondepth, controlled by European early
Cenozoic rifting and Alpine orogeny. Bedrock in the
Geneva Basin ranges from the upper Hauterivian–
lower Barremian Rochers des Hirondelles to the
lower Valanginian Vuache Formation (Charollais et
al., 2007; Pictet, 2021; Strasser et al., 2016), with
the mid- and upper Cretaceous sections absent. In
adjacent basins, younger Cretaceous formations form
the bedrock, including the Perte-du-Rhône Formation
(Aptian-Cenomanian) in Rumilly (S. Guillaume, 1966;
Pictet et al., 2016; Vial et al., 1989), theNarlay Formation
(Cenomanian-Coniacian) in Yvoire (Mont-de-Boisy
borehole, S. Guillaume, 1966), and equivalent units
in the Swiss-French Jura (A. Guillaume & Guillaume,
1969).

In the northern Jura, karst cavities in the eroded
bedrock were in₉lled by the Siderolithic Group,

consisting of red clay, quartz sand layers, and
ferruginous pisoliths, with a Bartonian age con₉rmed
by rodent teeth (Hooker & Weidmann, 2000, 2007),
which correlates with similar deposits on Salève
(L’Echelles, Savoie, France) and marine faunas of
Paleocene (Selandian) age (Charollais & Wellhauser,
1962).

Following the Siderolithic Group deposition, major
hiatuses in the Geneva Basin include a 17Myr gap
marked by the absence of the Lower Marine Molasse
(LMM), Upper Marine Molasse (UMM), and Upper
Freshwater Molasse (UFM), with only the Chattian-
Lower Miocene Lower Freshwater Molasse (LFM)
overlying the K-Pg unconformity (Beck et al., 1998).
This hiatus is likely linked to the Vuache fault
activity (Blondel, 1988), which in₊uenced the Rupelian-
Burdigalian paleogeography (Moscariello et al., 2014).
Another c. 28 to 25Myr gap separates the LFM from
the overlying Pleistocene glacial deposits, re₊ecting a
prolonged phase of regional uplift associated with Jura
tectonics (Miocene–Pliocene) and successive erosional
processes, including glacial incision the late Pliocene
(Charollais et al., 2007; Haas et al., 2022; Moscariello,
2021).

3 Material and methods
This study focuses on the wire-log data and drill
cuttings acquired from the GEo-02 geothermal
exploration well drilled near the village of Lully
(Canton ofGeneva; 46.159871° N, 6.067610° E;WGS84)
(Figure 1A). The well was spudded in October 2019.
Operations stopped when drilling hit the Upper
Jurassic (Kimmeridgian–Oxfordian) carbonate units at
a depth of 1455.7m below ground level (bgl) in May
2020.

3.1 Borehole wire-logs

The suite of borehole wire-logs available from the
GEo-02 includes Spectral Gamma Ray (GR), Density
(DEN), Spontaneous Potential (SP), Caliper (CAL), Sonic
(SON), and Resistivity (RES) logs. RES and GR logs are
used to distinguish di₈erent geological units based on
their petrophysical properties, which include charac-
teristics such as lithology, mineralogical composition,
diagenesis, and ₊uid(s) content. Unfortunately, the RES
wire-log was not continuously recorded, and two data
gaps occur: from 632 to 667m, and from 792 to 808m.
Furthermore, there has been a change of caliper at
659.5m and 814.6m, interfering with the acquisition
of gamma ray and resistivity at these depths.
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Figure 2 – Present-day tectonic con₉guration of the northwestern Alpine region, highlighting the Geneva Basin (red box) as
the study area. The region lies between the Dauphinois and Helvetic nappe systems, within the broader Alpine foreland. The
Rhine Graben (north of the Vosges) and the Bresse Graben (to the west of the Jura Mountains) represent major extensional
features of the European Cenozoic Rift System (ECRIS), initiated during the Priabonian (c. 35Ma) in response to compressional
stresses from Alpine and Pyrenean orogenesis. These rift structures re₊ect the fragmentation of the European margin under
east–west extension in the northern Alpine foreland. Modi₉ed from P₉₈ner (2014).

3.2 Cuttings

Drill cuttings have been sampled over a 454m thick
stratigraphic interval encompassing the lowermost
part of theOligoceneMolasse (544mbgl) to the lowest
part of the Lower Cretaceous (998m bgl) (Figure 3).
Samples have been selected every 10 metres at the
top,middle, and bottomof each unit or formation, and
every 2m across the transitions between the LFM and
theoverlying Siderolithic Group, aswell as between the
Siderolithic Group to the underlying Cretaceous units
(Figure 3). Ine₋cient mud circulation or caving could
compromise the representativeness of the cuttings
due to pollution from drilling mud and the mixing

of cuttings from di₈erent stratigraphic intervals. To
avoid these issues, the siderolithic cuttings have
been washed with distilled water and then dried at
30 °C. The samples have also been examined with
a binocular microscope to hand-pick and remove all
alien components such as younger units (i.e., Molasse
sandstone or carbonates) and debris from drilling
operations (metal fragments). To determine the facies
according to depth, the proportion of cuttings with a
predominant lithology is considered with a minimum
error margin of 2m.

Following this preparation, 63 samples were selected
for thin sections and quantitative evaluation of
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minerals by scanning electron microscopy (QEMSCAN)
analysis, 48 for ultra-trace inductively coupled plasma
- emission spectrometer/mass spectrometry (ICP-
ES/MS), 9 for X-ray ₊uorescence (XRF), and 18 for X-ray
di₈raction (XRD) clay fraction analysis.

3.2.1 Petrography and mineralogy

The top Cretaceous bedrock of the K–Pg sequence
in the GEo-02 borehole was sampled from 808 to
788m bgl.

Petrographic investigations involve the analysis of 63
polished thin sections made from cuttings larger than
250µm in diameter to obtain grain and cement texture
data (Figure 3). Thin sections were carbon-coated
for QEMSCAN analysis to quantify the mineralogical
content using a FEI QEMSCAN Quanta 650F at the
University of Geneva. Scanning resolution was 20µm.
TheQEMSCANmodalmineralogy datawere integrated
with rock petrography to assess the stratigraphical
control over the mineralogical distribution, including
clay minerals and cement.

The clay fraction (< 2µm fraction) was separated using
ultrasonic dispersion and centrifugation. Oriented
mounts were analysed in air-dried conditions using
a PANalytical Empyrean di₈ractometer (Cu-Kα, λ =
154.06pm) at the University of Geneva. Di₈ractograms
were converted to d-spacing using Bragg’s Law (Bragg,
1913). Clay minerals were identi₉ed by diagnostic
basal re₊ections, and their relative abundances
(smectite, illite, kaolinite, chlorite) estimated frompeak
intensities (Figure 4).

3.2.2 Geochemistry

XRF was performed on nine powder samples using a
Philips PW 1410/00 spectrometer, equipped with a Cu-
Kα radiation source, a Rhodium tube and LiF (200) at
the University of Lausanne to determine bulk chemical
composition, mercury (Hg) and Loss on Ignition (LOI)
contents. Samples for XRF analysis were powdered
using a tungsten mill, resulting in overestimated W
values in the data; therefore, W values from XRF
analyses are excluded. LOI determines the percentage
of weight loss of a sample when subjected to high
temperature. It represents the combined loss of
volatile components, such as water, carbon dioxide,
and organic matter.

ICP-ES/MS was used for bulk rock inorganic geochem-
istry at Bureau Veritas (Canada, Vancouver). Forty-
eight samples of 0.25g have been heated in HNO3,

HClO4, and HF to fuming, followed by drying. The
residual material was then dissolved in HCl. Fifty-nine
elements among major, trace, and rare elements were
measured. The rare earth elements (REE) were further
divided to light REE (LREE; atomic masses < 153: La,
Ce, Pr, Nd, Sm, and Eu) and heavy REE (HREE; atomic
masses > 153: Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) based
on their atomic masses. Partial digestion occurs for
certain minerals and oxides of Cr and Ba, as well as Al,
Fe,Mn, Sn, Ta, and Zr. Volatilisation during fumingmay
have resulted in loss of As, S, Se, and Sb content.

The chemical index of alteration (CIA) is widely used
to determine the degree of chemical weathering. CIA
is calculated using the following formula (Nesbitt &
Young, 1982):

𝐶̌̄ = [ Al2O3

Al2O3 + CaO* +Na2O + K2O
] × 100 (1)

where CaO* is the CaO associated with the silicate
fraction.

ICP-MS geochemistry data were used to create a
synthetic chemical gamma ray curve to control its
reliability with the wireline Gamma Raymeasurements
(Figure 3A). The chemical gamma ray curve calcu-
lations were developed speci₉cally for geochemical
logging and integrated as a depth-matched composite
log using the following equation from Schweitzer et al.
(1988):

ChemicalGR = 16.32 ⋅K + 8.09 ⋅U + 3.93 ⋅Th (2)

The raw ICP-MS geochemical data served as input for
this model.

4 Results
Petrographic, mineralogical, geochemical, and petro-
physical analyses of the GEo-02 well (summarised in
Table 1) reveal a sharp lithological and compositional
contrast across the K-Pg unconformity. This major dis-
continuity separates the karsti₉ed marine carbonate
platform from an overlying sedimentary succession
composed of ₊uvial, lacustrine, and aeolian deposits
of the Siderolithic Group, overlain by lacustrine
carbonates and the siliciclastic LFM.

4.1 Carbonate bedrock (808 to 788 m bgl)

The carbonate bedrock consists of bioclastic echino-
dermal limestone with packstone and grainstone tex-
tures. Components include bryozoans, corallinaceous
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Figure 4 – Clay mineral composition (%) with depth in well GEo-02, based on XRD analysis of the < 2µm fraction. Relative
abundances of kaolinite, illite, smectite, and chlorite were estimated from diagnostic peak intensities in air-dried samples.

algae, dasycladales, ₉ne angular detrital quartz, and
glauconite. Siderite within micrite is also observed at
802m.

4.2 Six subunits of the Siderolithic Group

The Siderolithic Group (788 to 630 m bgl) is
characterised by abundant quartz content (QEMSCAN),
elevated gamma ray signals indicating clay enrich-
ment, and high CIA values indicating intense chemical
weathering. Subunit 1 shows elevated CaO, LOI,
Fe-oxides and kaolinite. Upward, CaO, LOI, Fe-oxide,
kaolinite, and CIA values progressively decrease,
while quartz content increases. Sr trends align with
CaO, re₊ecting carbonate remobilisation. Table 1
summarises the petrophysical, mineralogical, and
geochemical trends across the six subunits.

4.2.1 Subunit 1 (788 to 774 m bgl)

QEMSCAN indicates an increased proportion of detrital
quartz (≈ 51.95wt%) associated with a bioclastic
echinoderm limestone (Figure 5A). XRD at 778m bgl
con₉rms the presence of kaolinite, chlorite, and illite
(Figure 4). Geochemical measurements show high LOI,
elevated Fe-oxides, and elevated Mn (269.5ppm) and
Sr (161.5ppm) concentrations. Wireline data reveal
low gamma ray and high resistivity (253Ωm). Hg

concentrations are low. These data suggest the
development of a paleosol horizon formed atop
carbonate bedrock. Re₊ecting subaerial exposure and
pedogenic overprinting.

4.2.2 Subunit 2 (774 to 746 m bgl)

This interval consists of quartz-rich sandstone
(82.49wt%) with associated kaolinite, glauconite
(Figure 5F), and dolomite-apatite phases (Figure 5G
and H). XRD at 766m and 752m identi₉es kaolinite,
chlorite, and illite (Figure 4). Gamma ray values
increase from 19.22 to 38.65API, while resistivity
decreases to 120Ωm. LOI declines to 6.65wt%. Hg
reaches its hights measured value (111.2 ppm) in
this interval, with Mn concentrations also elevated
(443.25ppm). This subunit marks a transition from the
paleosol horizon of subunit 1 to siliciclastic-dominated
deposition.

4.2.3 Subunit 3 (746 to 725 m bgl)

This unit is characterised by high gamma ray values
(113.95API) and low LOI (2.85wt%), indicating a clay-
rich sandstone.Quartz content is high (90.97wt%), and
XRD con₉rms amatrix dominated by kaolinite, chlorite,
and illite, with siderite also present (Figure 6A and
B). Resistivity remains stable at 120Ωm. CIA values
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range from 49.9 to 63.8%, and peak Mn (567.5ppm)
is accompanied by elevated Hg (77.4 ppm). The
mineralogical and geochemical signatures re₊ect
a mature, quartz-rich sandstone with signi₉cant
clay input and continued chemical weathering of
feldspar.

4.2.4 Subunit 4 (725 to 710 m bgl)

This interval is dominated by quartz (94.11wt%), with
minor kaolinite, chlorite, and siderite identi₉ed by
XRD and QEMSCAN (Figure 6C–F). Gamma ray values
are stable (≈ 45API), LOI is reduced (1.95wt%), and
Sr concentrations are low. CIA values range from 6
to 60%. Mn declines to 46.64ppm, while Hg remains
elevated at 86ppm. These characteristics re₊ect a
mature, well-sorted sandstone with minimal clay and
carbonate content.

4.2.5 Subunit 5 (710 to 692 m bgl)

Quartz content peaks at 96.25wt%, with XRD and
QEMSCAN analyses con₉rming only minor amounts
of kaolinite and chlorite. Gamma ray values are low
(33 to 23API), and the sandstone is composed of
coarse, well-rounded quartz grains with minimal clay
retention (Figure 7A and B). Hg andMn concentrations
decrease to 18.5 to 19.5ppm and 42ppm, respectively,
alongside Sr depletion.

4.2.6 Subunit 6 (692 to 630 m bgl)

Quartz makes up 91.04wt% of this interval, with
coarse grains embedded in an illite-rich siltstone
matrix (Figure 7D and F). XRD identi₉es kaolinite,
chlorite, illite, and serpentine. Geochemical data show
increasing concentrations of Ba, K2O, Na2O, and MgO.
Mn is elevated at 122.15ppm, and Hg ranges from
45 to 84.6ppm. These features indicate a continued
siliciclastic system with increasing in₊uence from the
overlying Molasse, as evidenced by serpentine and
enriched alkali and alkaline earth elements.

4.3 Overlying Units

4.4 Lacustrine Carbonates (630 to 610 m bgl)

Petrographic and mineralogical analyses reveal three
distinct lithologies: carbonate mudstone (31.88wt%
calcite, 4.58wt% dolomite), illite-rich clay, and sand-
stone containing quartz (26.30wt%), micas, chlorite,
plagioclase, and serpentine. XRD con₉rms the pres-
ence of illite, chlorite, and serpentine in association
with both carbonate and siliciclastic components.
Geochemical data show elevated Sr (280ppm),

moderate LOI (10.50wt%), high SiO2 (60.10wt%) and
Al2O3 (8.93wt%). Mn is high (632ppm), and Hg is
low (9.8ppm). The gamma ray correlation between
ICP-MS and wireline data is moderate (R2 = 0.562),
indicating potential discrepancies in geochemical and
cuttings data for this interval. The combined carbonate
and siliciclastic mineralogy, along with elevated Sr and
moderate LOI, suggests deposition in a lacustrine
setting with some organic matter input. High Mn
implies redox-sensitive diagenesis. Low Hg values
further indicate a limited volcanic contribution to
this interval. However, the occurrence of serpentine,
likely derived from the overlying Molasse, together
with discrepancies between geochemical and cuttings
data, complicates stratigraphic attribution. Additional
analyses are therefore required to resolve if this unit
should be assigned to the Siderolithic Group.

4.5 Lower Freshwater Molasse (LFM)
(610 to 46 m bgl)

Petrographic and mineralogical analyses show illite-
rich clay and sandstone composed of quartz
(26.87wt%), micas, chlorite, plagioclase, and
serpentine. XRD con₉rms kaolinite, chlorite, and
illite, along with a distinct serpentine (chrysotile)
peak. Geochemical data reveal high SiO2 (50.58wt%)
and Al2O3 (10.66wt%), elevated Mn (669.14 ppm),
and strong Sr (335.57ppm) and Ba (218.71ppm)
concentrations. Gamma ray data show a strong
gamma ray correlation between ICP-MS and wireline
values (R2 = 0.8633). Trace element data include
Cr (178ppm), Ni (151.79ppm), and an LREE/HREE ratio
of 8.14. These characteristics indicate a siliciclastic-
dominated ₊uvial systemwith signi₉cant detrital input,
including serpentine likely sourced from ultrama₉c
rocks in the Alpine front. The high Mn content re₊ects
redox-sensitive diagenesis, while elevated Sr and Ba
suggest the presence of detrital carbonate phases
rather than lacustrine precipitation

5 Discussion
The sedimentary and diagenetic evolution of the
Siderolithic Group in GEo-02 is shaped by structural
controls, climate-enhanced karsti₉cation, sediment
transport, and post-depositional diagenesis. This
discussion integrates these factors to explain karst
formation, sediment trapping, diagenetic overprint,
and reservoir implications.
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Figure 5 – QEMSCAN images and optical photomicrographs of Siderolithic subunits 1 and 2. (A) Carbonate with glauconite
grains, echinoderms and siderite. (B) Sandstone with variable size and roundness of quartz grains in a pyritic matrix. (C)
Sandstone with variable matrix (chlorite, kaolinite, siderite). (D) Fine sandstone with calcitic cement. (E) Sandstone with siderite
cement and kaolinite matrix. (F) Sandstone with glauconite and rutile grains in a kaolinite matrix. (G) Sandstone with dolomitic
cement. (H) Siltstone with apatite matrix.
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Figure 6 – QEMSCAN images and optical photomicrographs of Siderolithic subunits 3 and 4. (A) Fine sandstone with a siderite
cement. (B) Fine sandstone into a chlorite and kaolinite matrix. (C) Fine sandstone into a siderite cement and chlorite-kaolinite
matrix. (D) Medium sandstone with a siderite cement. (E) Fine to very ₉ne sandstone with a predominant chloritic matrix with
some spots associated to the siderite cement. (F) Fine sandstone with a chlorite and kaolinite matrix.
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Figure 7 – QEMSCAN images and optical photomicrographs of Siderolithic subunits 5 and 6. (A) Sandstone with a bimodal
distribution of ₉ne subangular quartz grains with coarse to very coarse rounded quartz grains with siderite cement. (B)
Coarse sandstone and rounded quartz grains. (C) Coarse sandstone with siderite cement and kaolinite matrix. (D) Coarse and
rounded quartz grains, with a cutting of illite-rich clay. (E) Sandstone with a bimodal distribution of ₉ne subangular quartz
grains with coarse to very coarse rounded quartz grains with siderite cement. (F) Coarse and rounded quartz grains, with
illite-rich clay cutting, and a microcrystalline cutting with felspar, plagioclase and serpentinite.
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well)

Stratigraphy Depth Thickness Lithology and
Texture

Main Minerals Quartz Grain
Size and Shape

Clay Analysis LOI CIA Hg LREE /
HREE

Gamma-Ray Resistivity Number of
Samples (n)

(m bgl) (m) (≥ 5%) (< 5%) (%) (%) (≥ 60ppm) (< 60ppm) (ppm) (API) (Ωm)

Lower Freshwater
Molasse (LFM)

> 610 66 Illite clay &
sandstone

Quartz (26.87%),
Illite (17.66%),
Calcite (16.80%),
Dolomite, Chlorite

Fine-grained Kaolinite,
chlorite, illite,
serpentine

SiO2 (50.58%),
CaO (11.76%),
Al2O3 (10.66%)

Fe2O3 (4.34%),
MgO (3.74%),
K2O (2.07%)

2.66 Mn (669ppm),
Sr (335ppm),
Ba (218ppm),
Cr (178ppm),
Ni (151ppm),
Rb (92.03ppm)

N/A 8.14 37 (average) 24 QEMSCAN (7),
XRD (1), ICP-MS
(6), XRF (0)

Lacustrine
Carbonates

630 to 610 20 Carbonate
mudstone

Calcite (31.88%),
Quartz (26.30%),
Illite (9.07%),
Dolomite,
Plagioclase

Absent Kaolinite,
chlorite, illite,
serpentine

SiO2 (60.10%),
CaO (11.24%),
Al2O3 (8.93%)

Fe2O3 (3.16%),
MgO (4.42%),
K2O (1.78%)

10.5 Mn (632ppm),
Sr (280ppm),
Ba (239ppm),
Cr (159ppm),
Ni (161ppm)

V (51.50ppm) 9.8 7.38 37 (average) N/A QEMSCAN (2),
XRD (2), ICP-MS
(2), XRF (1)

Siderolithic Group,
Subunit 6

692 to 630 62 Coarse
sandstone with
illitic matrix

Quartz (91.04%),
Illite (1.89%),
Calcite (2.22%),
Feldspars

Very coarse Kaolinite,
chlorite, illite,
serpentine

SiO2 (90.32%) 6.65 25.5 to 35.5 Mn (122ppm),
Ba (72ppm),
Sr (63ppm)

Ba (55ppm),
V (35.5ppm),
Zn (33ppm)

45 to 84.6 13.28 19.22 to 38.65
(gradual
increase)

Variable QEMSCAN (7),
XRD (5), ICP-MS
(7), XRF (3)

Siderolithic Group,
Subunit 5

710 to 692 18 Super-mature
quartz
sandstone

Quartz (96.25%),
Siderite (2%),
Traces of kaolinite

Coarse,
subrounded

Kaolinite,
chlorite, illite

SiO2 (94.59%) Fe2O3 (1.90%) 1.95 46.5 to 56.5 Mn (42ppm) N/A 18.12 33 to 23
(decreasing)

120 QEMSCAN (2),
XRD (2), ICP-
MS (3), XRF (0)

Siderolithic Group,
Subunit 4

725 to 710 15 Fine sandstone Quartz (94.11%),
Siderite (2.61%),
Traces of kaolinite
& chlorite

Angular-
rounded

Kaolinite,
chlorite, illite

SiO2 (93.41%) Fe2O3 (2.55%),
Al2O3 (1.34%)

1.95 6 to 60 Sr (60ppm) Mn (50ppm),
Ba (45ppm)

86 15.51 ≈ 45 (stable) 120 QEMSCAN (2),
XRD (1), ICP-
MS (3), XRF (1)

Siderolithic Group,
Subunit 3

746 to 725 21 Fine sandstone
with kaolin-
ite/siderite

Quartz (92.07%),
Siderite (4.52%),
Kaolinite (< 1%)

Angular-
subrounded

Kaolinite,
chlorite, illite

SiO2 (80.83%),
CaO (6.28%)

Fe2O3 (3.03%),
Al2O3 (2.22%)

21.55 49.9 to 63.8 Mn (443.2ppm),
Sr (95.7 ppm)

Ba (55ppm),
V (35.5ppm)

77.4 8.01 113.95 (peak
at 725m)

120 QEMSCAN (3),
XRD (2), ICP-
MS (3), XRF (1)

Siderolithic Group,
Subunit 2

774 to 746 28 Fine sandstone Quartz (82.49%),
Kaolinite (3.74%),
Siderite (2.88%),
Chlorite (1.46%)

Fine to coarse,
rounded

Kaolinite,
chlorite, illite,
K-feldspar

SiO2 (46.68%),
CaO (24.32%)

26.2 6.1 to 66.2 Mn (269.5ppm),
Sr (161.5ppm)

V (42.50ppm),
Ba (42ppm)

17.6 to 111.2 10.98 19.22 to 38.65 120 QEMSCAN (8),
XRD (3), ICP-
MS (4), XRF (2)

Siderolithic Group,
Subunit 1

788 to 774 14 Pedogenic
horizon

Quartz (51.95%),
Calcite (21.27%),
Kaolinite (6.56%),
Fe-oxides,
glauconite

150 to 200µm,
subangular

Kaolinite,
chlorite, illite

SiO2 (36.12%),
CaO (29.20%)

Al2O3 (2.95%),
Fe2O3 (2.42%)

N/A 6 to 12 Sr (282ppm),
Mn (278ppm)

Ba (49ppm),
V (42ppm)

N/A 9.4 N/A 253 QEMSCAN (4),
XRD (1), ICP-
MS (5), XRF (0)

Top Carbonate
Bedrock

808 to 788 20 Bioclastic
echinodermal
limestone

Calcite (53.12%),
Quartz (36.18%),
Traces of
illite, kaolinite,
glauconite, pyrite,
apatite

Detrital quartz≈100µm Kaolinite,
chlorite, illite

SiO2 (36.12%),
CaO (29.20%)

Al2O3 (2.95%),
Fe2O3 (2.42%)

N/A Sr (282ppm),
Mn (278ppm)

Ba (49ppm),
V (42ppm)

8.4 9.83 19.22 to 38.65 69 QEMSCAN (8),
XRD (1), ICP-
MS (6), XRF (1)

Major Oxides Trace Elements

Table 1 – Summary of lithological, mineralogical, geochemical, and petrophysical characteristics of the stratigraphic units identi₉ed in the GEo-02 borehole (Geneva Basin). The table includes depth intervals, lithology, texture, quartz grain size and shape,
dominant clay minerals, major oxides, loss on ignition (LOI), trace element concentrations, mercury content, LREE/HREE ratios, gamma-ray values, resistivity, and the number of analytical samples by method (QEMSCAN, XRD, ICP-MS, XRF). These data support
the subdivision of the Siderolithic Group into six distinct subunits and highlight compositional trends from the carbonate bedrock through the siderolithic in₉ll to the overlying Molasse deposits
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5.1 Structural and climatic controls on karst
development

5.1.1 Fault-controlled karst development in the
European Cenozoic Rift System (ECRIS)

The Siderolithic Group in the GEo-02 borehole is
exceptionally thick (158m) compared to others in the
Geneva Basin (GEX and CERN wells, except GEX-5),
where the Siderolithic Group is much thinner (< 10m)
(Charollais et al., 2007; Moscariello, 2019). The 2D
seismic interpretation calibrated with GEo-02, reveals
a fault-controlled karst system at the K-Pg boundary
(Eruteya et al., 2024), where extensional faulting
created the accommodation space later modi₉ed by
karst processes. The spatial correlation between GEX-
5 and GEo-02, both located near NE–SW extensional
faults (Clerc & Moscariello, 2020), suggests that
faulting in₊uenced the development and preservation
of the thick Siderolithic Group deposits through the
creation of localised accommodation space.

The opening of the Rhine and Bresse Grabens,
part of the broader ECRIS (Dèzes et al., 2004;
Ziegler, 1992), likely induced NE–SW normal faulting
in the Geneva Basin, increasing fracture density and
enhancing groundwater circulation, meteoric water
in₉ltration, carbonate dissolution, deep karsti₉cation,
and sediment trapping (Agosta et al., 2010; Matonti et
al., 2012).

Comparable fault-controlled collapse features have
been documented in the Rumilly Basin and Salève
Mountain, such as ‘La Grande Gorge’ and ‘La
Petite Gorge’ (Charollais et al., 2023; Eruteya et al.,
2024; Joukowsky & Favre, 1913; Kerrien et al., 1998;
Lombard, 1965), where karsti₉ed zones and faults
intersected, although they do not represent visible
or in₉lled paleokarsts. These structures serve as direct
analogues for the subsurface setting at Geo-02, where
fault-induced subsidence created accommodation
space later a₈ected by climate-driven karsti₉cation.
Subsequent in₉ll by the Siderolithic Group, followed
by lacustrine carbonates and the LFM (Charollais et
al., 2007), transformed the karst system into a buried
paleokarst.

5.1.2 Climate-driven epigenic karstiٶcation and
weathering

The GEo-02 Siderolithic Group karst system was
signi₉cantly in₊uenced by humid Paleocene-Eocene

conditions, which enhancedmeteoric dissolution, sink-
hole formation, and cavity enlargement (Greenwood&
Wing, 1995; Moore & Wade, 2013; Pepe & Parise, 2014;
Waltham & Fookes, 2003). The presence of paleosols,
lateritic pro₉les, and terra rossa at the karst interface
re₊ects post-karst processes, speci₉cally prolonged
subaerial exposure and intense tropical weathering
following karsti₉cation (Bautista et al., 2011; Durn,
2003).

Geochemical evidence con₉rms paleosol development
in the lower Siderolithic Group subunits, with high
LREE concentrations (24 to 119ppm) in subunits 1–2,
decreasing in subunit 3 (Figure 8), indicating a
progressive decline in pedogenic in₊uence (Durn et
al., 2021). The red coloration of the cuttings (788 to
710m bgl, subunits 1–4) and high LOI in subunit 1
are characteristic of iron-rich paleosols (terra rossa)
formed under warm, humid conditions (Boero &
Schwertmann, 1989; Durn, 2003).

The high Fe, Mn, V, and Co concentrations of
subunits 1–3 (Figure 8), re₊ect intense weathering and
prolonged subaerial exposure. Lateritic weathering
and Fe-Mn mobilisation are particularly evident
in these subunits, where Fe-oxides (46.68wt%),
LOI (21.55wt%), Mn (269.5 to 443.25ppm), and
Al2O3 (6.28wt%) indicate strong leaching and chemical
alteration (Bárdossy, 1982; Mongelli et al., 2014; Tućan,
1912). Mn and Ba enrichment further suggests a
tropical karst landscapewith signi₉cant hydrochemical
alteration (Micheletti et al., 2023).

The presence of kaolinite, identi₉ed by characteristic
XRD peaks and through QEMSCAN (Figure 9), likely
formed from plagioclase and K-feldspar alteration
(Ban₉eld & Eggleton, 1990; Meunier, 2005) or from
terra rossa-type soils (Durn et al., 1999). CIA values
in subunits 2–4 indicate low to moderate weathering
intensity (Figure 10A), supporting the hypothesis
that kaolinite formation was climatically controlled
(Fernández-Caliani et al., 2010).

The presence of terra rossa overlying the karst surface
indicates a prolonged period of subaerial exposure,
possibly linked to the Cenomanian unconformity that
a₈ected carbonate platforms across the western
Tethys (Morsilli et al., 2017). This aligns with regional
uplift and exposure of Lower Cretaceous and Jurassic
limestones, followed by karsti₉cation and in₉ll. The
humid tropical to subtropical conditions of the Eocene
likely favoured lateritic weathering and paleosol
formation, as observed in the Pannonian Basin,
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where karst development and sediment in₉ll varied in
response to paleoclimate shifts and fault development
(Kelemen et al., 2022).

The geochemical and mineralogical signatures of the
Siderolithic Group at GEo-02 highlight the strong
climatic in₊uence on epigenic karsti₉cation, shaping
karst evolution and weathering pro₉les.

5.2 Depositional processes and lithological
variations of the Siderolithic Group

The karst system developed at the top of Cretaceous
carbonates, observed in GEo-02, acted as a sediment
trap when tectonically associated with subsidence,
with subsequence in₉ll of ₊uvial and aeolian deposits
across the identi₉ed six subunits, re₊ecting multi-
phase processes driven by climate, tectonics and
sediment supply (Ellis & Singer, 2007; Radwan, 2020;
Van Wagoner et al., 1990). Gamma ray variations
(Figure 3) highlight these shifts, marking the transition
between major depositional environments within the
Siderolithic Group.

5.2.1 Fluvial sequence of the Siderolithic Group
(Subunits 1–3)

The lower subunits record ₊uvially-dominated deposi-
tion under the in₊uence of a tropical climate and high
detrital input from the exposed highlands indicated
by increasing CIA values (2 to 66%) (Mack et al.,
1993; Retallack, 1997). Subunit 1 marks the carbonate-
siliciclastic transition, characterised by Fe oxides and
kaolinite enrichment, related to prolonged subaerial
exposure and pedogenesis (Wright, 2008; Wright
& Tucker, 2009). The increasing detrital subangular
quartz and kaolinite content and elevating gamma
ray signal of subunit 2 (Figure 9) signals intensi₉ed
weathering (Folk, 1980). Dolomite formation in a
continental setting suggests episodic stagnant water
conditions and microbial activity in ₊oodplain ponds
or abandoned channels (Compton, 1988). Apatite
(Figure 5H) is linked to organic-rich conditions and
localised phosphogenesis, likely driven by the decay
of organic matter in low-energy ₊oodplain settings
(Sánchez-Románet al., 2008). The elevated siderite and
phosphate concentrations suggest anoxic conditions
that promoted iron precipitation and phosphorus
retention (Berner, 1981; Singer, 1984). These trends
indicate restricted water circulation, organic matter
accumulation, and reducing conditions facilitated
phosphogenesis (Postma, 1982).

5.2.2 Aeolian sequence (Subunits 4–6)

The 95m-thick aeolian sequence in borehole GEo-02
(725 to 630m MD) represents a signi₉cant climatic
shift from ₊uvial to aeolian deposition, indicating
progressive aridi₉cation. The well-sorted, coarse,
and highly rounded quartz grains in this clay-poor
sandstone, coupled with low gamma ray values and
declining CIA values (from 66 to 32%) (Figure 10A),
re₊ect a mature sedimentary system where such
sorting and rounding are more consistent with
prolonged aeolian transport and mechanical abrasion
than ₊uvial processes (Kok et al., 2012; Lancaster, 2020;
Pye & Tsoar, 2009; Wang et al., 2021).

The onset of aeolian deposition in subunit 4, is
marked by moderate gamma ray values (45API)
and intermediate CIA values (59 to 66%), indicating
reworked ₊uvial sediments mixed with increasing
aeolian input. Limited clay, Fe2O3 (2.55wt%), and
Mn (46.64ppm) content suggest ₊uctuating redox
conditions due to episodic moisture availability (Pye &
Tsoar, 2009).

The lower gamma ray values, quartz enrichment
(> 94wt%), depleted Mn, Sr, V, Zn, and Al2O3 content
of subunits 5 and 6 (Figure 8), combined with
well-rounded quartz grains, indicate a progressively
stronger aeolian signature characterised by high
compositional maturity and minimal clay input.

The textural maturity of subunit 5, indicated by well-
sorted, matrix-free, rounded quartz grains, re₊ects
prolonged aeolian transport and reworking, consistent
with desert sedimentationmodels (Folk, 1980; Kocurek
et al., 1999; Mountney, 2011). The increasing quartz
content, along with decreasing CIA and gamma
ray values, further con₉rms the dominance of
aeolian processes (Mountney, 2011; Pettijohn et al.,
1972).

At the upper boundary of subunit 6, illite-rich
siltstone and enrichment in Mn, Ba, K2O, and Na2O
suggest a lacustrine transition within a closed-
basin system, likely in₊uenced by chemical leaching
from overlying units (Alonso-Zarza & Tanner, 2006;
Gierlowski-Kordesch & Kelts, 1994).

5.3 Diagenetic evolution and reservoir
implications

Diagenetic processes in the Siderolithic Group have
signi₉cantly in₊uenced its mineral composition,
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porosity evolution, and ₊uid ₊ow characteristics,
shaping its potential as a reservoir unit.

5.3.1 Post-depositional processes—early
diagenesis

The siderite, dolomite, apatite, and pyrite paragenesis,
along with a high LOI of subunit 1, suggests
diagenetic alteration under anoxic conditions. This
mineral assemblage re₊ects microbial degradation
of organic matter, which facilitated sulfate reduction
and authigenic mineral precipitation (Compton, 1988).
Under reducing conditions, the reduction of sulphate
(SO4

2– to H2S) and ferric iron (Fe3+ to Fe2+) likely led
to pyrite formation, while elevated phosphate (PO4

3– )
concentrations favoured apatite precipitation (Berner,
1985; Varadachari et al., 2006). The decomposition
of organic matter releases NH3 and CO2, leading
to increased alkalinity and promoting carbonate
precipitation in supersaturated pore waters. This
process likely favoured siderite over dolomite as a
diagenetic cement in the sandstone matrix, due to the
increased Fe2+ availability under reducing conditions
(Crisogono Vasconcelos (1, 2), 1997; Dejong et al., 2013;
Van Lith et al., 2003; Warren, 2000; Warthmann et al.,
2000; Zhang et al., 2012).

The highMn content in subunit 1, closely linked to terra
rossa sediments, suggests Fe3+ and Mn4+ reduction
during wet periods, enhancing their mobility and
incorporation into diagenetic minerals (Gasparatos,
2012). Similar Fe-Mn remobilisation has been observed
in terra rossa formations near Lyon, France (Martini,
1965), where ₊uctuating redox conditions regulated
element mobility and secondary precipitation.

Early siderite cementation likely reduced primary
porosity and might have contributed to the sandstone
framework stabilisation by resisting compaction.
During burial diagenesis, the dissolution of siderite
under mesogenetic conditions (> 120 °C) may have
contributed to secondary porosity development, with
the released Fe2+ promoting the precipitation of
Fe-oxides and authigenic clay minerals (Vuillemin et
al., 2019).

5.3.2 Burial diagenesis and porosity relevance

Burial diagenesis in the Siderolithic Group signi₉cantly
in₊uenced mineral composition and porosity evolu-
tion, with siderite, kaolinite, and chlorite as dominant
phases (Figure 9). These diagenetic transformations,
driven by ₊uid interactions and temperature variations,

modi₉ed reservoir quality by either occluding through
carbonate and clay cementation or preserving porosity
through selective dissolution and clay coatings (Morad
et al., 2010).

The presence of siderite suggests Fe-carbonate
precipitation under reducing conditions, facilitated by
the dissolution of subaerially exposed carbonates. This
process enriched descending ₊uids in Ca2+ and HCO3–

ions, leading to the reaction:

Fe2+(aq) +HCO3
−(aq) −−−−→←−−−− FeCO3(s) +H+(aq) (3)

(Curtis, 1985). Petrographic examples from subunit 2
(Figure 5E) and subunit 6 (Figure 7C) con₉rm the
occurrence of siderite cements, which likely reduced
primary porosity during early burial. However, partial
siderite dissolution in Figure 5E and Figure 7E
demonstrates that mesogenetic burial enhanced
secondary porosity development in localised domains.
These Fe-rich carbonate cements thus record episodic
anoxic conditions in the phreatic zone, where Fe2+

availability from groundwater circulation was crucial
for siderite precipitation.

The formation of chlorite re₊ects secondary diagenetic
processes, likely driven by kaolinite alteration during
burial (Iljima & Matsumoto, 1982; Wieland, 1976, 1979).
Based on (Hutcheon, 1990), the reaction:

2Al2Si2O5(OH)4+5 Fe2O3+2SiO2+4H2O+2.5C −−−−→←−−−−
Fe10Al4Si6O20(OH)16 + 2.5CO2 (4)

illustrates how kaolinite, Fe-oxides, and silica can react
to form authigenic chlorite. In subunit 4 (Figure 6C)
and subunit 6 (Figure 7E), chlorite occurs together with
kaolinite and partly replaces siderite, consistent with
this reaction. Chlorite coatings also played a crucial
role in porosity preservation by preventing quartz
overgrowths (Charlaftis et al., 2021; Pittmanet al., 1992),
a feature documented in Figure 6C and E.

Additionally, siderite destabilisation during mesoge-
netic diagenesis (> 120 °C) may have provided an
Fe source for chlorite precipitation (Curtis, 1985),
according to the reaction:

5 FeCO3 + SiO2 + Al2Si2O5(OH)4 −−−−→←−−−−
Fe5Al2Si3O10(OH)8 + 5CO2 (5)

The siderite-chlorite-kaolinite associations visible in
Figures 5C and E, 7C, 6B, C, E and F support this
interpretation. Furthermore, the co-occurrence of
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chlorite and ₉ne quartz grains (Figure 6E) may indicate
localised quartz dissolution, enhancing secondary
porosity.

5.4 Provenance of the Siderolithic Group

The provenance of sediments in the Siderolithic
Group was controlled by regional paleotectonic and
paleoclimatic processes, which dictated sediment
routing, depositional environments, and lithological
evolution.

5.4.1 Aeolian and uvialٷ sources

The provenance of the Siderolithic Group re₊ects
the interplay between tectonic uplift and subsidence,
sediment transport, and climatic variability, resulting in
a mixed aeolian and ₊uvial signature. The occurrence
of millimetre-scale, well-rounded quartz grains record
prolonged aeolian abrasion, whereas ₉ne, subangular
grains indicate shorter ₊uvial transport with limited
reworking (Figure 11). These contrasting grain popula-
tions highlight the dual in₊uence of aeolian and ₊uvial
processes in the depositional system.

Quartz grains within the Siderolithic Group were
sourced from both primary and recycled sources,
re₊ecting regional tectonic evolution. Primary sources
likely included Triassic sandstones from the French
Massif Central, the Vosges and Black Forest, during the
ECRIS (P₉₈ner, 2014). Secondary sources included the
reworking of pre-Eocene sandstone formations, such
as the Perte-du-Rhône Formation (Pictet et al., 2016),
and detrital quartz from dissolution of Cretaceous
carbonates.

Initially, subangular to angular quartz grains were
transported and redeposited in high-energy ₊uvial
systems (Tucker & Wright, 2009). As conditions
shifted towards increasing aridity, these primary and
recycled sources were subjected to prolonged aeolian
reworking, leading to the progressive abrasion and
rounding of quartz grains by wind-driven transport
(Kok et al., 2012; Wang et al., 2021). The variation
in grain shape and sorting indicates an initial ₊uvial
deposition, later modi₉ed by aeolian processes. This
transition from ₊uvially reworked sediments to well-
sorted, mature aeolian deposits is evident in the
stratigraphic pro₉le of the Siderolithic Group subunits
in the Geo-02 well.

5.4.2 Tectonic framework of the Siderolithic Group
sedimentation

The Eocene paleogeographic con₉guration of the
Geneva Basin, between the Bresse Graben to the west
and the Alpine Tethys Ocean to the south (P₉₈ner,
2014), strongly in₊uences depositional conditions.
Together, sediment supply from the Bresse Graben
and episodic marine incursions from the Alpine Tethys
Ocean created supratidal environments where aeolian
and ₊uvial processes overlapped (Liu & Coulthard,
2015; Zular et al., 2018) (Figure 12).

A potential local sandstone analogue, the Rochers
de Faverges near Salève (Joukowsky & Favre, 1913;
Sesiano, 2017), exhibits large-scale cross-bedding
typical of aeolian dune deposits, a feature that might
be comparable to the Siderolithic Group, suggesting a
similar sedimentary evolution. Ongoing detrital U–Pb
zircon analysis will provide a direct comparison be-
tween this formation and the Siderolithic Group atGeo-
02, re₉ning provenance interpretations and source-to-
sink dynamics within the Geneva Basin.

5.4.3 Geochemical stratigraphy and provenance
indicators of the Siderolithic Group related
to shifting climate conditions

Geochemical proxies are valuable tools for re₉ning the
stratigraphy of the Siderolithic Group, as they capture
lithological di₈erences between sub-units driven by
changes in depositional environments, source areas
and climate-induced weathering. The CIA (Figure 10A)
is higher in subunits 2, 3, and 4, indicating less mature,
matrix-rich ₊uvial deposits, while subunits 5 and 6
have lower CIA values, re₊ecting highlymature, quartz-
dominated aeolian sediments (Nesbitt & Young, 1982;
Retallack, 1997).

The MnO/Al2O3 and U/Th ratios (Figure 10E and F)
highlight two geochemical clusters, with subunits 1–3
showing similar signatures, consistent with ₊uvial
deposits in₊uenced by pedogenic weathering, and
subunits 4–6 forming a distinct group, indicating
aeolian reworking and increasing sediment maturity
(Bosboom, Abels, et al., 2014; Methner et al.,
2016).

The NiO/Al2O3 ratio (Figure 10D) di₈erentiates sub-
units 1 and 2, which are Al2O3-enriched due to intense
weathering, from subunit 6, which has the highest
NiO values, likely re₊ecting input from the overlying
Molasse (Dequincey et al., 2005). The CaO/Al2O3 ratio
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within the basin.
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(Figure 10C) delineates the Cretaceous-Paleogene
boundary, distinguishing the Siderolithic Group from
the underlying Cretaceous substratum and the
overlying LFM, underlining the shift from carbonate-
dominated to siliciclastic-rich environments.

These geochemical trends con₉rm a progressive
transition from ₊uvial to aeolian deposition, where
early ₊uvial sediments (subunits 1–3) were intensely
weathered, while later aeolian deposits (subunits 4–6)
became more compositionally mature through pro-
longed reworking and sorting. This evolution re₊ects
climate-driven shifts from humid conditions favouring
chemical weathering and ₊uvial transport to arid
environments promoting mechanical sediment re-
working.

5.4.4 Volcanic input during the Middle Eocene
Climatic Optimum (MECO)

Geochemical signatures indicate an indirect vol-
canogenic contribution to sedimentation in the
terrestrial Siderolithic Group, particularly in subunits 1,
2, and 3, where elevatedMn concentrations (Figure 8B)
and elemental ratios such as MnO/Al2O3, NiO/Al2O3

(Figure 10D), and U/Th (Figure 10F) re₊ect input of
pyroclastic material enriched in Fe and Mn (Maghfouri
et al., 2017). These elements, commonly associated in
volcanic ash, have been mobilised during oxidative
weathering and concentrated through pedogenic
processes under ₊uctuating redox conditions (Öztürk
et al., 2002) with possible sources including reworked
basaltic ash or bauxitic soils formed during the PETM
(c. 56Ma) (Wilkinson et al., 2017), andesitic volcanism
related to Neotethys subduction (c. 35Ma) (van der
Boon et al., 2021), and erosion of Upper Cretaceous
Mn-rich nodules from the Narlay Formation (Strasser
et al., 2016).

The high Hg content in subunits 3 and 4 (Figure 8B)
supports a volcanic origin (Sial et al., 2013) and may
re₊ect enhanced volcanic activity during major global
warming events such as the PETM and the MECO, both
characterised by with increased volcanic emissions,
rainfall, and intensi₉ed weathering (Bosboom, Abels,
et al., 2014; Sial et al., 2013; Tremblin et al., 2022).
MECO likely enhanced sediment recycling through
intensi₉ed erosion in the hinterland, and introducing
volcanogenic aerosols into terrestrial deposits.

The Hg enrichment in the Bartonian Siderolithic Group
may re₊ect a continental record of the MECO, dated
between 40.5 and 40.0Ma (Bosboom, Dupont‐Nivet,

et al., 2014; Methner et al., 2016; Mulch et al., 2015;
Peris Cabré et al., 2023; Sharma et al., 2024) Given its
link to increased volcanic outgassing and greenhouse
conditions (van der Boon et al., 2021), the Siderolithic
Group geochemistry re₊ects both direct volcanic input
and intensi₉ed chemical weathering under ₊uctuating
climatic conditions (Sial et al., 2013; van der Boon et
al., 2021).

6 Conclusions
This study provides a detailed sedimentological,
mineralogical, geochemical, and stratigraphical char-
acterisation of the Siderolithic Group within the
Geneva Basin using high-resolution data from the
GEo-02 geothermal exploration well. The exceptional
158m thickness of the Siderolithic Group, deposited
within a tectonically controlled depression developed
in karsti₉ed Lower Cretaceous carbonates, challenges
previous subsurface interpretations and highlights the
importance of integrating borehole data with seismic
and outcrop analogues.

Six stratigraphic subunits were identi₉ed, recording
a transition from ₊uvial to dominantly aeolian
deposition. The lower subunits, characterised by
high LOI, terra rossa pro₉les, and kaolinite-rich clay
assemblages, indicate intense chemical weathering
under humid conditions during the MECO. The upper
subunits, in contrast, consist of well-sorted, quartz-
rich sandstones with low clay content and gamma
ray values, re₊ecting increasing aridity and sediment
maturity.

The Siderolithic in₉ll exhibits variable gamma ray
responses and a heterogeneous distribution of
quartz grain textures, supporting a multi-phase
sedimentation history involving both ₊uvial and
aeolian processes. This complex in₉ll geometry is
closely linked to tectonic structures, particularly a
NE–SW fault system associated with the ECRIS, which
created localised subsidence zones and sediment
traps.

The observed mineralogical and geochemical signa-
tures suggest potential sediment sources from eroded
crystalline basement, ₊uvial systems, aeolian dunes,
and reworked coastal deposits. These pathways were
likely in₊uenced by regional tectonics, including the
evolution of the Bresse Graben and the proximity to
the Alpine Tethys margin. These interpretations will be
further tested through ongoing provenance analysis
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using detrital zircon dating, which is expected to clarify
sediment sources and transport dynamics.

Diagenetic features, including early siderite cemen-
tation followed by burial alteration to chlorite,
signi₉cantly in₊uenced porosity evolution in the
Siderolithic Group. Siderite cement locally reduced
pore space, but its partial dissolution likely generated
secondary porosity. Additionally, chlorite coatings may
have inhibited quartz overgrowths, contributing to
pathways for ₊uid ₊ow.

Geochemical signatures—including elevated mer-
cury concentrations and REE patterns—suggest a
volcanic in₊uence during deposition, likely tied to
the Neotethys subduction under the warm-humid
conditions of the MECO. This geochemical imprint,
combined with Bartonian-age correlations and pale-
osol development, positions the Siderolithic Group in
GEo-02 as one of the few well-preserved continental
records of the MECO in Western Europe.

This study reconstructs the complex depositional,
diagenetic, and tectonic evolution of the Siderolithic
Group and highlights its signi₉cance as both a
paleoclimate archive and a potential geothermal
reservoir in the Western Alpine Foreland Basin.
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