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Abstract The Eocene-Oligocene Transition (EOT) marks the passage from Eocene greenhouse to
Oligocene icehouse conditions. It holds keys to our understanding of the behavior of climate systems
under major pCO:2 shifts. While the environmentalimpact of the EOT is rather homogenous in oceans,
it is much more heterogeneous on continents. Although little to no changes are recorded in some
regions, several EOT studies in western Eurasia suggest an increase in seasonal climatic contrast (e.g.,
higher amplitude of changes in mean temperature or precipitation), along with a higher sensitivity of the
climate to orbital variations. However, these variations remain to be properly documented through
changes in sedimentary facies. and structures and forcing mechanisms. Here we investigate the
depocenter of the Mulhouse Basin.(Upper Rhine Graben; URG) revealing a prominent transition from
massive mudstones to laminated sediments and varves, alongside the emergence of astronomically-
forced mudstone-evaporite alternations. These changes are identified in the distal and proximal parts
of the southern URG; where they consist of millimeter-thick mudstone-evaporite couplets and
siliciclastic-carbonate couplets. The elemental composition and micro-facies analysis of the laminae
show a recurrent depositional pattern consistent with a seasonal depositional process, which suggests
that they are varves. \We propose that the occurrence of varved sediments, together with the observed
orbital cyclicity in:the southern URG, reflects an increase in seasonal climatic contrast, and an increase
in the.sensitivity of climate to orbital variations across the EOT. We show that similar changes were
noticed in the Rennes and Bourg-en-Bresse basins, and that of other western Eurasian records for
similar climatic conditions. This work emphasizes the potential of high-resolution sedimentary structures
to serve as markers of climate change across the EOT.

Lay summary: The Eocene-Oligocene Transition (EOT) marks the shift from greenhouse to modern
icehouse conditions. It is a crucial event to document in order to better understand climate change
processes. We studied the lacustrine record of the Mulhouse Basin (Upper Rhine Graben, France) to
document the impacts of the EOT on the continental environments of this rift basin. We highlight two
major changes in sedimentary deposition patterns. The first is a transition from massive mudstones to
finely laminated sediments and varves. The second is the concomitant onset of decameter-thick
mudstone-evaporite cycles related to orbital variations. We interpret these changes as induced by an
increase in seasonal climatic contrast and in the sensitivity of the climate to orbital variations across
the EOT. We show that other continental basins in Eurasia recorded similar sedimentary changes at
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that time, suggesting a tight link between Eurasian climates and Antarctic icesheets. We highlight the
potential of sedimentary structures as sedimentary markers of climate change at the EOT.

Second abstract (French). La Transition Eocéne-Oligocéne (TEO) marque le passage des
conditions « greenhouse » de 'Eocéne aux conditions « Icehouse » de I'Oligocéne. Son étude nous
permet de mieux comprendre les réponses des systémes climatiques a des variations majeures de
taux de pCO2. Tandis que I'impact environnemental de la TEO est plutét homogéne dans le domaine
océanique, de fortes hétérogénéités sont observées sur les continents. Bien que certaines régions
montrent peu de changements, plusieurs études de la TEO suggérent une augmentation du contraste
climatique saisonnier (e.g., plus grande amplitude des changements de la température moyenne et
des précipitations), ainsi qu’une plus grande sensibilité du climat aux variations orbitales. Toutefois,
ces variations n’étaient pas encore documentées a travers des changements de faciés, de structures
sédimentaires, et des mécanismes de forgages. Nous avons étudié ici le dépocentre du bassin de
Mulhouse (Fossé Rhénan) qui révele une transition importante entre des mudstones massives vers
des sédiments laminés et des varves, ainsi que 'émergence d’alternances mudstone-évaporite
décamétriques liées aux variations orbitales. Ces structures sont identifiées dans les parties distales
et proximales du Fossé Rhénan méridional, oul I'on observe des couplets mudstone-évaporite et des
couplets clastique-carbonate millimétriques. La composition élémentaire et I'analyse des micro-facies
des lamines montrent un schéma de dépét récurrent compatible avec un processus de.dépbts
saisonnier, ce qui suggére qu'’il s’agit de varves. Nous proposons que I'’émergence .de varves et de
cyclicité orbitale observée dans le Fossé Rhénan méridional reflétent une augmentation du contraste
climatique saisonnier, et une augmentation de la sensibilité du climat aux variations orbitales a travers
la TEO. Nous montrons que des changements similaires existent dans les bassins de Rennes et de
Bourge-en-Bresse, et que d’autres enregistrements sédimentaires d’Eurasie témoignent de conditions
climatiques semblables. Ce travail souligne le fort potentiel des structures sédimentaires de haute
résolution comme marqueurs de changements climatique a travers:laTEO.

Keywords: Eocene-Oligocene Transition, Seasonality, Varves, Lake, Upper Rhine Graben

1. Introduction

The Eocene-Oligocene Transition (EOT) climatic event (~33.9 Ma) is marked by a strong oxygen
isotopic shift globally recorded in oceanic benthic foraminifera, interpreted as a combination of a drop
in temperature and development of the Antarctic ice-sheet (Zachos et al., 2001; Miller et al., 2020;
Hutchinson et al., 2021). Data from deep marine carbon and oxygen stable isotope records suggest
that the EOT occurred.in several steps. Two major events are the EOT-1 and Oi-1, which are associated
with cooling and formation of the Antarctic ice-sheet, respectively. The Oi-1 event resulted in a ca. 70
m eustatic sea-level drop (Miller et al., 1991; Zachos et al., 2001; Coxall et al., 2005; Katz et al., 2008;
Kennedy et al., 2015; Hutchinson et al., 2021). Two main mechanisms underpinning the EOT have
been proposed: (1) the decrease in atmospheric pCO2, which likely passed a threshold value (DeConto
& Pollard, 2003; Pearson et al., 2009; Toumoulin et al., 2022), and/or (2) changes in oceanic gateways
(e.g., Atlantic-Arctic, Southern Ocean, and Mesopotamian), which possibly initiated the Antarctic
Circumpolar.Current (ACC) (Kennett, 1977; Sarkar et al., 2019). Initiation and/or strengthening of the
ACC couldhave thermally isolated Antarctica (thus forcing the glaciation) and enhanced CO2 drawdown
through increasing precipitation on land (silicate weathering) (Straume et al., 2022). In addition, the
EOT-1 event corresponds to a period of low summer insolation, which allowed ice sheets to persist
during the summer in some places, and eventually spread over the entire Antarctic continent (DeConto
& Pollard, 2003; Ladant et al., 2014).

The environmental impacts of climate change at the EOT are well-documented in the marine realm,
and generally show cooling and increased variability across the globe (Lear et al., 2008; Pearson et al.,
2008; Liu et al.,, 2009; Bohaty et al., 2012; Hutchinson et al., 2021; Toumoulin et al., 2022).
Environmental impacts tend to be more heterogenous in continental basins, largely due to the high
variability of climate systems affecting continents (Hutchinson et al., 2019; Tardif et al., 2021; Toumoulin
et al., 2022). Although various studies report evidence of cooling, aridification, increased seasonal
climatic contrast (e.g., decrease in cold month mean temperature and increased aridity; lvany et al.,
2000; Mosbrugger et al., 2005; Dupont-Nivet et al., 2007; Eldrett et al., 2009; Utescher et al., 2015;
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Page et al., 2019; Hutchinson et al., 2021), and/or biotic turnovers (e.g., Hooker et al., 2004) on
continents during the EOT, some do not show any significant climatic changes (Kohn et al., 2015;
Zanazzi et al., 2015). These differences potentially provide information relating to the mechanisms and
impacts of the EOT, but they remain poorly-documented and quantified.

This study focuses on western Eurasia, which is affected by various climate systems during the Eocene
and Oligocene. In western Eurasia, the westerly-dominated moisture source may have been modulated
by a proto-Atlantic Meridional Overturning Circulation (AMOC; Abelson & Erez, 2017) or affected by
tectonically driven reorganization of the Arctic circulation associated with the EOT (Coxall et al., 2018;
Straume et al., 2022). Several studies across Eurasia suggest that the decrease in continental
temperatures was particularly pronounced in winter, leading to a stronger seasonal temperature
contrast that may have driven the well-documented biotic turnovers (e.g., Grande Coupure; Hooker et
al., 2004; Mosbrugger et al., 2005; Eldrett et al., 2009; Utescher et al., 2015; Tardif et al., 2021).
Furthermore, recent studies have suggested an increase in the sensitivity of climate to orbital variations
across the EOT. In the Rennes Basin (France), lacustrine deposits record successive facies shifts
before and after the EOT, with strengthening of the eccentricity and precession expressed in the
cyclostratigraphical record (Boulila et al., 2021). This can be compared to. cyclostratigraphical
investigations in north-eastern Tibet, which were affected by westerlies, showing the sedimentary cycles
were dominated by eccentricity prior to the EOT, and that a clear change-occurred at:.the Oi-1 event,
after which the cycles were paced by a combination of eccentricity, obliquity, and precession (Ao et al.,
2020), suggesting a continental-wide increase of the sensitivity of climate to orbital variations. Increased
variability and climatic seasonal contrast need to be better established and documented across
Eurasian regions to better-assess potential driving mechanisms such as polar amplifications, increased
Intertropical Convergence Zone (ICTZ) shifts, proto-AMOC and land-sea-interactions in response to
continentalization, and aridification (Abelson & Erez, 2017; Tardif et al., 2021).

Further documenting the impacts of climate change during.the'EOT in continental settings of western
Eurasia is important as it improves our ability to assess the behavior of climate systems through major
atmospheric CO: shifts, and to contextualize subsequent environmental changes. An opportunity to
study these changes and to investigate climate dynamics through the EOT in a mid-latitude continental
setting is provided by the rich sedimentary record-of the Upper Rhine Graben (URG) rift system, which
is the focus of this study.

The URG is composed of several sub-basins that have accumulated continental lacustrine sediments,
and epicontinental marine strata duringthe middle Eocene to late Oligocene (Berger et al., 2005; Simon
et al., 2021). The Mulhouse Basin, located in the south of the URG (Figure 1), is characterized by a
large accumulation of predominantly lacustrine mudstones and evaporites (e.g., gypsum, anhydrite,
halite, sylvite, and carnallite) of the “Zone Salifere Inférieure” (Lower Salt Zone), “Zone Salifére
Moyenne” (Middle Salt.Zone), and “Zone Salifere Supérieure” (Upper Salt Zone) stratigraphic
formations (Blanc-Valleron, 1990; Figure 2). Such evaporitic basins are known to be particularly
sensitive to climatic changes (Tanner, 2010). Past investigations in the URG suggested an increase in
the seasonal climatic contrast at the base of the “Sel llI” (Salt Ill) stratigraphic unit of the Mulhouse
Basin, based largely on palynological changes (Schuler, 1988). It was also suggested that the Eocene-
Oligocene boundary is represented at a certain depth within the Sel lll, again largely on the basis of
biostratigraphic studies and stratigraphic correlations (Grimm et al., 2011). However, large uncertainties
remain.concerning the chronology, and new constraints are required to improve the chronostratigraphy
and characterization of environmental change. So far, most of the information comes from palynological
studies that show climate changes across the sedimentary formations (Figure 2; Schuler, 1988).
Climatic conditions were subtropical with a short or nonexistent dry season through the “Zone Salifere
Inférieure”.  Subtropical/mediterranean conditions existed through the “Zone Saliféere Moyenne”
(suggesting the appearance of a long dry season and thus increased seasonal climatic contrast). A
drastic change in climate occurred into a dry and moderately warm mediterranean-type climate grading
upwards into further temperate conditions throughout the “Zone Salifere Supérieure”. However,
interpretations of the rich sedimentary facies expressed in the records remain rudimentary and have
not been directly compared to the climate forcing mechanism attributed to the EOT.

Seasonality refers to the annual cycles of temperature and precipitation (Kwiecien et al., 2022) and is
a key phenomenon to document in the scope of EOT studies. Seasonality of temperature refers to the
amplitude between the temperature maxima and minima, and seasonality of precipitation refers to the
amplitude and temporal distribution of precipitation (Kwiecien et al., 2022). While isotopic and
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palynological investigations (lvany et al., 2000; Eldrett et al., 2009) and numerical modeling results
(Toumoulin et al., 2022) suggest an increase in seasonal climatic contrast at the EOT, marked by a fall
in cold month mean temperature and higher aridity, it remains to be documented from specific changes
in sedimentary facies and structures, and forcing mechanisms remain unidentified. The URG is
therefore an excellent site to investigate the impacts of the EOT as it contains several Eocene-
Oligocene lacustrine sequences. Furthermore, prior palynological investigations report an increase in
the seasonal climatic contrast at the base of the “Sel 1lI"” unit, which is marked by the onset of a long
dry season (Schuler, 1988), reinforcing the need for such a study. In this paper, we investigate the
sedimentary record of the URG, with the aim of providing insights into potential seasonality contrast
changes across the EOT by identifying the development of thinly-bedded cycles and associated
sedimentological markers of seasonality.

2. Geological Setting

Thanks to its rich underground resources (e.g., petroleum, potash, and geothermalbrines), the
structure, stratigraphy, and sedimentary record of the URG have been widely accessed through seismic
imaging, drilling, coring, and borehole petrophysical logging over the past half century (Maikovsky,
1941; Sittler, 1965; Schuler, 1988; Blanc-Valleron, 1990; Roussé, 2006). The:URG'is aniintracontinental
rift system that contains several middle Eocene to late Oligocene sub-basins (e.g., Mulhouse, Sélestat,
and Strasbourg basins), which are separated by structural swells (e.g:;. Colmar and Erstein). It is part
of the European Cenozoic Rift System (ECRS), which extends across..~1,100 km from the
Mediterranean to the North Sea. The ECRS formed through the. reactivation of Hercynian fracture
systems that was induced by the continental collisions ©of the:Alpine and Pyrenean orogens
(Schumacher, 2002; Dézes et al., 2004; Edel et al., 2007). The Tertiary sediments of the URG
unconformably overlie the Mesozoic-aged Germanic.. Basin ‘sediments (e.g., Buntsandstein,
Muschelkalk, Keuper, Lias, and Dogger), which cover the crystalline Paleozoic basement (Aichholzer,
2019).

The Mulhouse Basin is located in the southern part of the URG (Figure 1A), and is delimited by two
border faults, with large salt diapirs present.in.some localities (Figure 1C). The basinal infill is
characterized by evaporites (e.g., anhydrite, gypsum, halite, sylvite, and carnallite), which alternate with
anhydritic mudstones and carbonates (Blanc-Valleron, 1990). The mudstones primarily consist of
marlstones composed of micrite and clay.to silt-sized lithogenic grains, sometimes with organic matter
(Blanc-Valleron, 1990). The nomenclature of the Mulhouse Basin’s sedimentary fill was first defined by
Forster (1911), before being revised by Maikovsky (1941), Courtot et al., (1972), and Blanc-Valleron
(1990). The southwestern part of the Mulhouse Basin forms the main depocenter (Figure 1A, B). The
“Sel llI” unit and “Zone Salifere Supérieure™ formations, separated by the “Zone Fossilifere” unit, consist
of cyclic meter-thick to decimeter-thick mudstone-evaporite alternations (Figure 2). In the lowermost
part of the “Zone Salifére Supérieure”, these alternations have been interpreted as being induced by
precession (Blanc-Valleron et al., 1989) based on Sediment Accumulation Rates (SARs) inferred from
the finely-laminated mudstones that have been interpreted as varves (Kiihn & Roth, 1979).
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Figure 1: Localization map and geological structure of the southern Upper Rhine Graben. (A) Study
area and details of the southern Upper Rhine Graben, with the isopachs of the “Zone Salifere Moyenne”,
after Blanc-Valleron (1990), Roussé (2006), and the French geological map. (B) Detailed isopachs of
the “Zone Salifere Moyenne” in the-Mulhouse Basin near the DP-XXVIII well, after Blanc-Valleron
(1990). (C) Geological cross-section across the upper part of the Mulhouse Basin, showing the classic
graben structure and occurrence of huge salt diapirs (after Roussé, 2006). URG = Upper Rhine Graben,
MB = Mulhouse Basin,"BG = Bresse Graben, BB = Bourg-en-Bresse Basin, LG = Limagnes Graben,
RB = Rennes Basin, ZSS.= Zone Salifere Supérieure, ZSM = Zone Salifere Moyenne, ZSI = Zone
Salifere Inférieure, undif: = undifferentiated.

The distance between the border faults of the URG reaches approximately 60 km towards the south
across the'Mulhouse Basin, and contains relatively complex structures. Two elevated areas known as
the Mulhouse and Istein horsts overhang the rift's plain. The exposed sediments of the Altkirch Quarry
(Mulhouse horst) range from the “Zone Fossilifére” to the “Haustein” (chronological equivalent of the
“Zone Salifere Supérieure”; Duringer, 1988). The Kleinkems Quarry contains a sedimentary succession
ranging fromthe Jurassic to the “Zone Fossilifére” (Duringer, 1988). In both quarries, the sedimentary
succession consists of marlstones, limestones, and sandstones, with occurrences of gypsum.
Laminated sediments have been documented earlier by Duringer (1988) from the lowermost geological
section exposed in the Altkirch Quarry and from the uppermost geological section exposed in the
Kleinkems Quarry (“Zone Fossilifere”). Duringer (1988) interpreted some of these laminated sediments
as varves on the basis of their repetitive millimeter-thick alternations of dark- and light-colored laminae,
forming distinct couplets. In the Altkirch Quarry, these deposits correspond to the most distal part of a
prograding axial river delta, and their counterparts in the Kleinkems Quarry are part of a more proximal
segment of a fan delta associated with the eastern border fault (Duringer, 1988).

3.1 Material and methods
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3.1. Rock samples and documentation

From 1949 to 1951, a borehole (DP-XXVIIl; 1948.6 m) was drilled into Quaternary, Tertiary, and
Jurassic sedimentary successions by the Mines Domaniales de Potasse d’Alsace (MDPA) for
exploration and production objectives. The isopach maps of the “Zone Salifere Moyenne” (Figure 1)
(Blanc-Valleron, 1990) reveal that the DP-XXVIII well captures the depocenter of the Mulhouse Basin,
suggesting maximum sedimentary continuity. Core samples from this well (at a scale averaging a
sample every few meters) were made accessible by the Musée d’Histoire Naturelle et d’Ethnographie
of Colmar for the purposes of the current study (see supplemenary files). The preservation of several
samples is rather poor, and almost all halite samples are re-precipitated, however most mudstone
samples are in good condition. The original detailed lithological description of the DP-XXVIII well by the
MDPA was made accessible by the KALIVIE museum (Wittelsheim; MDPA, 1960). The.arranged
dataset was amalgamated into a sedimentary log of the well (see supplementary files).<In addition,
laminated rock samples were collected from the “Zone Fossilifére” unit exposed in both the Altkirch and
Kleinkems quarries (Figure 1A).

3.2. Sediment macro- and micro-facies analysis

Micro-facies descriptions were performed on both thin and thick sections from selected and suitable
samples of the DP-XXVIII well, and the Altkirch and Kleinkems quarries. Both macro- and micro-facies
descriptions, as well as thin and thick section photographs were realized using a Leica M205 C stereo
microscope. A total of 203 core samples have been investigated and their positions in the sedimentary
log of the well are shown in the supplementary file (Figure S1).

3.3. Micro X-Ray fluorescence scanning

Micro X-Ray Fluorescence (u-XRF) analyses were performed on thin and thick sections using a Bruker
M4 Tornado spectrometer at the Institut Terre & Environnement of Strasbourg. The maximum resolution
of 20 ym was used in order to achieve the best representative elemental counts for each lamina. The
spectrometer settings were set on a voltage of 50 kV, ampere ratings of 400 pA, and the analyses were
performed under vacuum conditions (2=-mbar). We selected a set of representative elements to
determine the relative changes in detrital input (aluminum, silica potassium, titanium, iron — Al, Si, K,
Ti, Fe) and chemogenic or diagenetic deposition (calcium, strontium, sulfur — Ca, Sr, S) (Boés et al.,
2011; Davies et al., 2015). Elemental contents are reported as log-ratios in order to avoid closed-sum
constraints (Weltje et al., 2015).

3.4. Scanning electron microscope

Scanning Electron.Microscope (SEM) images and local chemical analyses were performed on a thin
section and on a.rock sample from the DP-XXVIII well to document the chemistry and microstructure of
minerals using a VEGA TESCAN machine.

3.5. Spectral analysis

Spectral analysis was performed on the Gamma-Ray (GR) series from the “Sel V” unit of the DP-212
well to test the hypothesis of orbital forcing of the meter-thick to decameter-thick mudstone-evaporite
alternations. The GR was measured by the MDPA through Schlumberger electrical logging and records
the natural radioactivity of the sedimentary record. The GR series was interpolated, linearly detrended,
and normalized using Acycle’s “normalize” function (z-scoring, Li et al., 2019). Sedimentary cycles and
their evolution were studied using the Multi-Taper Method applying 2m-tapers with red-noise modeling
(2m-MTM analysis; robust AR(1) test) to detect statistically significant sedimentary cycles (Thomson,
1982; Mann & Lees, 1996), the Evolutive Fast Fourier Transform (EFFT) to document the evolution of
sedimentary cycles through depth (Weedon, 2003), and Taner band-pass filters to isolate specific
broadbands (Taner, 2000). These methods were performed using the Acycle software (v2.3.1; Li et al.,
2019). The classical AR(1) test was also performed (Priestley, 1981).

4. Results
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4.1. DP-XXVIII well

4.1.1. Synthetic sedimentary log

The detailed sedimentary log of the DP-XXVIII well (see supplementary files) was produced based on
the written description of the sedimentary successions made by the MDPA in the mid-20" century
(MDPA, 1960), which we then synthetized (Figure 2). Here, we focus on the three zones as defined by
Blanc-Valleron (1990) to investigate sedimentary changes across the EOT.

The “Zone Salifere Inférieure” is divided into four units (from base to top): the “Marnes a Limnées I”
(Limnea Marls 1) unit (thickness: 155 m) consists of massive mudstones alternating with centimeter to
meter thick, bedded to nodular anhydrite layers. The “Sel I” (Salt I) unit (thickness: 165 m) is.a massive
halite formation with rare intercalations of centimeter-thick mudstone and anhydrite layers. The halite is
described as made up of centimeter-thick crystals forming chevrons (MDPA, 1960);. which could
correspond to bottom nucleated beds of coarse growth-aligned crystals at the sediment/water interface.
The lithology of the “Marnes a Limnées II” (Limnea Marls Il) unit (thickness: 84 ‘m) is.similar to the
“Marnes a Limnées I”, followed by the “Sel II” (Salt Il) unit (thickness: 117 m), which has a similar
lithology as the “Sel I” unit, contains substantially more intercalations of centimeter-thick to meter-thick
mudstone and anhydrite beds.

The “Zone Salifere Moyenne” comprises two units (from base to top). The “Sel 1lI” unit (thickness: 249
m) consists of cyclic decimeter-thick alternations of laminated mudstones-and massive halite beds (their
average thickness is ~12.6 m). The laminated mudstones of this unit are often described as made up
of millimeter-thick laminae (MDPA, 1960). The overlying “Zone Fossilifere” (Fossiliferous Zone) unit
(thickness: 80 m) is a thick mudstone formation attributed to a transgression event that flooded the
whole URG during the early Rupelian (Berger et al., 2005; Pirkenseer et al., 2010) and consists of
laminated mudstones with occasional dolomite and anhydrite layers.

The “Zone Salifere Supérieure” is composed of three units (from base to top). The “Sel IV” (Salt IV) unit
(thickness: ~246 m) is made of cyclic decimeter-thick mudstone-halite alternations (average thickness
of ~12.4 m). The mudstone beds of these alternations are mostly laminated. Two meter-thick intervals
of centimeter-thick halite and sylvite alternations:(commonly draped by anhydritic marlstones and
dolomitic carbonates), with occasionally interbedded centimeter-thick laminated boundstones, are
identified at the bottom of the formation."A 1.2 m thick carnallite bed is located at the top of the lower
potash seam. The “Sel V” unit (thickness: ~227 m) is made of cyclic meter-thick alternations of halite
(or anhydrite) and mudstone beds, which average ~8.3 m in thickness. The following “Marnes sans Sel”
(Salt-free Marls) unit (thickness: ~106 m) consists of cyclic meter-thick mudstone-anhydrite alternations
(with an average thickness of ~5.6 m). The mudstone beds of these alternations appear mostly
laminated, yet the upper.~45 m is composed of a thick mudstone section without any observable
sedimentary alternations. Overall, the “Zone Saliféere Supérieure” is characterized by its cyclic meter-
thick to decimeter-thick mudstone-evaporite alternations, where the mudstones are mostly laminated,
and by the presence of two potash seams in its lowermost part.

Across the three formations, the mudstones can be divided into two main groups according to the
absence or presence of sedimentary structures: (1) massive and (2) laminated mudstones. Massive
mudstones are.common in the “Zone Salifere Inférieure”, where very few laminated mudstones have
been described (MDPA, 1960). In the lowermost “Zone Salifere Moyenne”, a clear facies change occurs
with the appearance of laminated mudstones that make-up most of the mudstones up to the top of the
“Zone Salifere Supérieure”. The seemingly cyclic decimeter-thick mudstone-evaporite alternations
appear at the same depth as the finely-laminated mudstones and remain a predominant feature up to
the uppermost “Zone Salifére Supérieure”. However, evaporites are scarce in the “Zone Fossilifére”,
even though laminated mudstones remain prevalent. To sum up, the study of the original description of
the DP-XXVIII well (MDPA, 1960) reveals that both the millimeter-thick laminae and the recurrent meter-
thick to decimeter-thick mudstone-evaporite alternations appear at the bottom of the “Sel llI” (depth:
1158 m) and are found up to the uppermost part of the “Zone Salifere Supérieure” (depth: 312 m). The
mudstone-evaporite alternations become thinner upward in the section, from ~12.6 m in the “Sel lll” to
~5.6 m in the “Marnes sans Sel”, suggesting a gradual decrease in SARs.
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Figure 2: Synthetic log of the sedimentary succession of the Mulhouse Basin’s formations through a
segment of the DP-XXVIII well, with the paleoclimatic observations inferred from palynology (Schuler,
1988). The chronostratigraphy is based after Grimm et al. (2011) and Chéateauneuf & Ménillet (2014),
and the Eocene-Oligocene boundary is placed according to the correlations presented in this paper.
The thickness of the mudstone-evaporite alternations of the “Sel IlI” and “Zone Salifere Supérieure” are
exaggerated. MaL | = Marnes a Limnées I, MaL Il = Marnes a Limnées Il, MSS = Marnes sans Sel.

4.1.2. Macro-facies of the core samples

The three main lithologies represented in the DP-XXVIIlI core are mudstone, halite, and anhydrite.
Macro-facies observations of the mudstones are in accordance with the available description (MDPA,
1960; Figure 3). The massive mudstones are predominant in the “Zone Salifere Inférieure”, whereas
the laminated mudstones are predominant in the “Zone Salifere Moyenne”. However, a few laminated
samples are present in the “Sel II” unit. The laminated mudstones consist of millimeter-thick laminae,
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several of which are made of couplets of dark- and light-colored laminae, especially moving upward
from the base of the “Sel 1lI” unit. At the macroscopic scale, the dark-colored laminae are primarily
composed of anhydrite, while the light-colored laminae are mainly composed of siliciclastic mud (Figure
3E-H). While some are very finely laminated (e.g., Figure 3E, G), others exhibit thicker layers (e.g.,
Figure 3G). At the microscopic (thin section) scale, the color pattern of these laminae is the opposite,
with anhydrite laminae being light-colored and mudstone laminae being dark-colored (Figure 4).
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Figure 3: Macro-photographs of core samples from the DP-XXVIll well. (A, B, C, D) Massive mudstones
with conchoidal fractures. Coring artifacts from the drill machine are not to be mistaken with laminations.
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(E, F, G, H) Laminae consisting of mudstone (light-colored laminae) and anhydrite (dark-colored

laminae) couplets.

The halite core samples have been impacted by recrystallization, preventing proper identification of the
depositional environment. The anhydrite either forms centimeter-thick elongated to sub-rounded nodule
beds, with vestigial bottom-growth structures encompassing marlstone, or layers.

4.2. Laminated sediments of the southern Upper Rhine Graben

4.2.1. Depocenter (DP-XXVIII well)

In the “Zone Salifere Moyenne”, 61 out of 68 mudstone samples are laminated (see supplementary
files). Observation of the samples under the microscope reveals repetitive couplets and triplets.of dark-
and light-colored laminae (Figure 4). The 955.9 m sample consists of repetitive couplets of anhydrite
pseudomorphs derived from bottom-growth gypsum (light-colored laminae) and. marlstones (dark-
colored laminae). The 1151.4 m sample contains an additional fine-grained (~30.um).anhydrite lamina
(cumulates). Dark-colored laminae contain homogenous and massive clay-sized sediments. Some of
the laminae are black, suggesting an enrichment in organic matter as indicated by the SEM
measurements. In the case of the 1029.3 m sample, the sediments are typified by two couplets of
anhydrite pseudomorph laminae, overlain by of discontinuous draping clay, without significant
dissolution surfaces. Typically, gypsum pseudomorphs form as bottom-nucleated crystals that grown
on the lake floor when brine is saturated with respect to sulfates (Warren, 2016).
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Figure 4: Thin sections of laminated sediments, and thick section of a massive mudstone, from the DP-
XXVIIl well. A) Laminated sediments made of couplets of mudstones and anhydrite pseudomorphs after
bottom-growth gypsum (955.9 m). B) Laminated sediments made of couplets of anhydrite
pseudomorphs after bottom-growth gypsum and anhydrite cumulates with some very thin mudstone
drapes (1029.3 m). C) Laminated sediments made of couplets of mudstone, anhydrite pseudomorphs
overlying bottom-growth gypsum, and anhydrite crystals (1151.4 m). D) Massive mudstone consisting
of silt-sized clastic grains in a micrite matrix (1652.2 m).

The elemental geochemistry analysis of the 955.9 m sample shows that the light-colored laminae are
enriched in Ca and S, which track the presence of anhydrite, which is also inferred from microfacies
observations (Figure 5A). The dark-colored laminae are enriched in Fe, Mg, and K, which indicates they
are primarily composed of detrital siliciclastic minerals (clay). The dark-colored laminae are enriched in
Mg (high Mg/Ca ratios) and can therefore contain dolomite ({Ca,Mg}CQz3) which amount might depend
on the presence of Ca (see element maps, Figure 5A). The S content is generally low in dark-colored
laminae (low S/Ca ratios), which confirms the absence of anhydrite, but enrichments of S are
occasionally observed. This can possibly be attributed to the presence of diagenetic .processes that
induce pyrite precipitation (FeSz) (e.g., the third mudstone laminae starting from the bottom, Figure 5A).
Similar elemental compositions were found for the samples at 1029.3 m and 1151.4'm depth (see
supplementary files), which suggest similar genesis of the sediments as the.sample at'a.depth of 955.9
m.
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Figure 5: u-XRF analyses consisting of logarithms of specific elemental ratios and elemental mappings
of the DP-XXVIII well sample, at depth 955.9 m, and of the Alt-D2 sample from the Altkirch Quarry. In
the case of elemental mappings, black represents no counts per second, while the colors represent
higher counts per seconds based on the intensity. The white triangles represent fining-up sequences.
(A) (DP-XXVIII - 955.9 m) The u-XRF analyses show that the light-colored laminae are anhydrite (rich
in Ca and S) and that the dark-colored laminae range from marl to dolomite due to their varying
intensities of Ca and Mg. Furthermore, the elemental mappings show an enrichment in lithogenic
elements (e.g., Fe, K) in the dark-colored laminae, suggesting their detrital nature. (B) (Altkirch Quarry
- Alt D2) The u-XRF analyses show that the dark-colored laminae are rich in Ca, enriched in Sr, and
completely devoid of lithogenic elements, suggesting an evaporitic nature. Inversely, the light-colored
laminae are enriched in lithogenic elements (e.g., Si, Ti, Fe), which suggests a detrital nature, further
demonstrated by fining-up sequences.

4.2.2. Altkirch Quarry

The laminated sediments from the lowermost part of the Altkirch Quarry (“Zone Fossilifere”) were first
described as varves based on the repetitive nature of their dark- and light-colored. laminae (Duringer,
1988; Figure 6). The dark-colored laminae are homogenous, have a constant'thickness, and consist of
very fine micrite crystals (<1 pm). The light-colored laminae (0.15 — 2 mm thick) are composed of larger
micrite crystals (~2 pm) and contain clastic grains, along with amorphous organic matter (Figure 6A).
The Altkirch Quarry is known for its rich diversity of macrofossil taxons'(e.g., fish, insects, and mollusks;
Gaudant & Burkhardt, 1984), thus a certain amount of the organic content could-also be autochthonous.
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Figure 6: (A) Thick sections of laminated sediments from the Altkirch and Kleinkems quarries (“Zone
Fossilifere”). (Alt D2, Alt B-1, and Alt-A2) Laminated sediments made of couplets of thin micrite crystals
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(dark-colored laminae) and thicker micrite crystals, amorphous organic matter, and detrital grains (light-
colored laminae). (KL1) Laminated sediments similar to those from the Altkirch Quarry, but without
amorphous organic matter, and with shells across the laminae. (B) Macro-photographs of laminated
sediments from the Altkirch Quarry containing macroscopic vegetation debris.

Elemental analyses of the Altkirch laminated sediments (Alt D2 sample, Figure 5B) show that the dark-
colored laminae are enriched in Ca and Sr, while the Si, Ti, Fe, S, and K values are higher in the light-
colored laminae (Figure 5B). Several dark-colored layers also contain higher concentrations of Sr
(higher Sr/Ca ratios), which potentially indicates the presence of Sr-enriched carbonates, such as
aragonite or strontianite. Dark-colored layers are devoid of detrital material (low Si/Ca and Ti/Ca ratios,
absence of Si and Fe in element maps), which suggests that the thin micrite crystals of the latter are
chemogenic (evaporitic) rather than detrital. In light-colored layers, high levels of lithogenic.elements
(e.g., Si, Fe, and Ti) track the input of clastic material (e.g., quartz, and feldspars) identified.in the micro-
facies analysis. The detrital-rich light-colored laminae show distinct fining-upward sequences. (Figure
5B), which is evidenced by decreasing log-ratio profiles of Si/Ca and Ti/Ca and decreasing grain-sizes
observable on the elemental map of Si. The enrichment in both Fe and S in light-colored laminae
suggests the presence of iron sulfides (e.g., pyrite). The clastic grains in the light-colored layers are
encased in a micrite matrix (cement). Comparable results were found for the Alt A2 and Alt B1 samples
(see Data Availability), which suggest that their laminae are similar in nature to those. of the Alt D2
sample.

4.2.3. Kleinkems Quarry

The laminated sample from the Kleinkems Quarry contains several successions of dark- and light-
colored calcareous laminae (Figure 6). The dark-colored laminae are comparable to those from the
Altkirch Quarry and are composed of homogeneous bioclastic fine-grained micrite, with randomly
distributed shells. The light-colored laminae, similarly.to those from Altkirch Quarry, contain a significant
amount of clastic grains, but no amorphous organic matter. The y-XRF analysis of the KL1 sample
shows similar elemental distribution as in the samples fromthe Altkirch Quarry (see supplementary
files). However, the dark-colored Ca-rich laminae also.contains some detrital material, as indicated by
the presence of a few lithogenic grains.

4.3. Scanning Electron Microscope

SEM images and localized chemical analyses of a part of the 955.9 m thin section shows the presence
of anhydrite (light gray), dolomite (dark gray), and organic matter (black) (Figure 7A). Small dolomite
patches are encased in the anhydrite. The image of the sample at depth 1009 m shows the presence
of anhydrite (light gray) and calcite (dark gray) arranged in layers (upper view) (Figure 7B). The
anhydrite is characterized by high counts of Ca, S, and O; the dolomite by high counts in Ca, Mg, O,
and C; the calcite by high counts in Ca, O, and C, and the organic matter by high counts in C.
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Figure 7: SEM images and localized chemical analyses of a part of the (A) thin section at 955.9 m
depth and (B) sample at 1009 m depth.

4.4. Spectral analysis

The 2m-MTM analysis results of the.detrended GR series (Figure 8A) of the “Sel V” unit from the DP-
212 well reveals statistically significant frequency broadbands related to sedimentary cycles, with
average thicknesses of 82.3 m, 22.4 m, and 4.5 m (>99% confidence level), and 9 m (> median
confidence level) (Figure 8B): The broadband related to the ~4.5 m thick sedimentary cycle shows three
distinct peaks. The EFFT_shows that the ~22.4 m and the ~4.5 m cycle are prominent throughout the
sedimentary record (Figure 8C). The Taner filter of the ~4.5 m cycle is in-phase with the large majority
of the mudstone-evaporite alternations (Figure 8D, E). The classical AR(1) test shows that almost the
whole signal is above the 99.9% confidence level, and that the same frequency peaks appear with the
highest amplitudes, except for the ~82.3 m cycle (see supplementary files).
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noise modelling. E = long eccentricity, e= short eccentricity, O = obliquity, P = precession. (C) EFFT
with a sliding window of 45 m and a step.of 0.40354 'm. (D) Taner filter of the precession (P; 0.1459 —
0.2998 cycles/m) cycles. (E) Sedimentary log of the DP-212 well (“Sel V”). (F) The equivalent
sedimentary log of the DP-XXVIII well (“‘Sel V). The “U” followed by numbers are the name of each
halite bed as initially established by the MDPA (Blanc-Valleron, 1990).

5. Interpretation and discussion

To achieve the goals of this study, we interpret and discuss in the following sections the results
presented above to:

e _estimate whether the observed laminae represent an annually deposited cycle (varves) and
if they:can thus be used as markers of seasonality;

¢  discern the possible mechanisms behind the cyclic sedimentation pattern of the laminae and
decameter-thick mudstone-evaporite alternations, with implication for better understanding
past environmental changes;

e and to place the interpretation of this study in a wider regional scale and to discuss the
implications for climatic changes across the EOT.

5.1. Laminated sediments and varves: nature and depositional processes

Distinguishing varves from non-annual laminated sediments is challenging for sedimentary archives
beyond the radiometric time range. While the annual nature of varves in modern and recent lacustrine
and marine environments can be determined using various means (Zolitschka et al., 2015), it can only
be hypothesized in older geological (deep-time) records, by interpretating and comparing of
petrographical and geochemical data with their modern and recent counterparts (Wilson & Bogen, 1994;
Mingram, 1998). For the southern URG, we use the sedimentary records of the Dead Sea, which contain
extensive evaporite deposits (Ben Dor et al., 2019), and of Chatyr Kol Lake (Kalanke et al., 2020) as
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sedimentary analogues, which allow us to propose conceptual models for reconstructing depositional
processes.

5.1.1. Distinguishing varves from laminated sediments

Lacustrine sediments, such as laminated sediments and varves, can be categorized as clastic, biogenic,
or endogenic (Brauer et al., 2009; Zolitschka et al., 2015). Varves are a particular type of laminated
sediments, which are defined as sedimentary layers of distinct composition, occurring as repetitive
patterns that represent annual cycles (Zolitschka et al., 2015). The identification of varves is a strong
indicator of local climatic seasonality. Clastic varves are formed when suspended sediment carried by
seasonal runoff enters a lake with a stratified water body (Sturm, 1979). They are typically made of
laminae with different grain sizes that results from distinct seasonal runoff regimes. Biogenic varves are
formed when seasonality induces changes in the organic productivity of a lake, resulting in the
deposition of distinct biogenic laminae (e.g., algal blooms, diatom blooms; Lake Tiefer, Germany;
Dréager et al., 2017). Endogenic varves, which are often evaporitic, occur when the solubility product of
a mineral compound (e.g., anhydrite, halite, and aragonite) is exceeded due to seasonal fluctuations of
evaporation and/or precipitation (e.g., the Dead Sea; Ben Dor et al., 2019). ltis‘rare that varves are
either purely clastic, biogenic, or endogenic (Zolitchka et al., 2015). The Varves Database provides an
overview of many varve records and of their characteristics (Ojala et al., 2012). It should be noted that
the presence of laminated sediments and varves indicates that the depositional environment prevented
the development of benthic life and bioturbation. It is however beyond the scope of our study to
determine whether it has been the lack of oxygen or a specific water.chemistry (e.g., hypersaline
waters), or a combination of the two that have rendered the lake floor uninhabitable.

5.1.2. Interpretation of the fine laminations as varves and conceptual depositional model
5.1.2.1. Depocenter (DP-XXVIII well)

The samples from the DP-XXVIII core display clear couplets of mudstone and anhydrite pseudomorphs
after bottom-growth gypsum, with no dissolution surfaces (Figure 4, Figure 5A). We propose that the
evaporites were formed through evaporation-driven‘brine saturation during the dry season, and that the
intercalated mudstone layers (sometimes rich in organic matter) were formed due to enhanced fluvial
runoff during the wet season (Figure 9). This interpretation is supported by the elemental profiles that
clearly distinguish between anhydritic laminae (enriched in Ca and S) and detrital mudstone laminae
(enriched in the lithogenic elements Fe and K) (Figure 5A). According to the palynological investigations
and taking into account the mid-latitudinal position of the site, climatic conditions resembled todays
mediterranean climate throughout the “Zone Salifere Moyenne”, with distinct wet (winter) and dry
(summer) seasons (Schuler, 1988). Furthermore, these mudstone-anhydrite couplets are similar to
varves from the late Pleistocene Lisan Formation (Dead Sea, Israel) (Ben Dor et al., 2019), which are
composed of endogenic.aragonite and gypsum laminae precipitating during dry summers, and detrital-
rich laminae deposited during winter runoff. We therefore consider the thin mudstone-anhydrite couplets
of the DP-XXVIII well as.endogenic-clastic varves, comparable to those of the Dead Sea, even though
processes-might differ following water balance conditions.
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Figure 9: Interpretative deposition model for.the formation of three types of varves identified for the
southern Upper Rhine Graben through the late Priabonian and Rupelian. The main climate variation
that causes the seasonality of depositional processes are the changes in precipitation due to dry
summers and humid winters.

The anhydrite pseudomorphs overlying. bottom-nucleated gypsum and thin crystal (anhydrite
cumulates) couplets of the 1029.3 m.sample could also be varves, but these were deposited under drier
conditions than the mudstone-anhydrite €xamples (Figure 4). The first ones are similar to seasonal
temperature-driven couplets:described in the Dead Sea, which are composed of alternations of coarse
and fine halite or gypsum crystals (Sirota et al., 2017; Ben Dor et al., 2019).

5.1.2.2. Proximal records (Altkirch and Kleinkems quarries; “Zone Fossilifére”)

The samples from the Altkirch (southern river fan delta) and Kleinkems (fan-delta related to the eastern
border fault; Duringer, 1988) quarries display couplets of dark- and light-colored laminae. The light-
colored laminae contain large amounts of detrital silt-sized grains. We propose that they were delivered
by fluvial runoff during the wet season. Grains comprise a diverse mineral assemblage, with calcite and
quartz derived from the erosion of the surrounding uplifted Mesozoic (and Paleozoic) rift shoulders.
While quartz grains are clearly detrital, calcite crystals could either be autochthonous or allochthonous
(e.g., reworked from Jurassic limestones). In the case of the Altkirch Quarry, the presence of organic
matter, mostly alongside detrital grains, suggests that it is of detrital origin. Furthermore, terrestrial
macrofossils such as plant debris account for a fluvial sediment source in these deposits (Figure 6B;
Gaudant & Burkhardt, 1984; Duringer, 1988). The light-colored laminae show fining-up sequences,
which suggests that they record a flood (pulse event) during the wet season, rather than a continuous
accumulation of sediment through multiple months. The varying thickness of these laminae could reflect
year-to-year climatic variability, with the thicker laminae possibly representing winters with more intense
precipitation. However, this could also be explained solely by internal fluvial processes, such as channel
migration or sediment availability. The dark-colored laminae are homogenous and made of thin micrite
(likely aragonite) crystals. The absence of lithogenic elements (Si, Fe, K) in the dark-colored laminae
indicates the absence of detrital material, which suggests that the micrite crystals are endogenic
(formed in the water column) rather than detrital. These interpretations are supported by the elemental
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profiles that clearly distinguish between endogenic carbonated laminae (enriched in Ca with no
lithogenic elements) and detrital laminae (enriched in lithogenic elements; Figure 5). Furthermore, these
couplets are very similar to the Holocene clastic-calcitic varves of Lake Chatyr Kol, for which the
seasonal deposition pattern is supported by radiometric dating, even though they contain less sub-
layers (Kalanke et al., 2020). These varves exhibit a detrital layer with a sharp basal boundary (runoff),
with chrysophytes and/or diatoms occurring after or within it, overlain by a layer of endogenic
(evaporation) and fine-grain detrital calcite, which is topped by an amorphous organic matter sub-layer.
Therefore, by comparison with the varves of Lake Chatyr Kol, and according to petrographical and
geochemical evidence presented in this study, we interpret the clastic-endogenic couplets of the Altkirch
Quarry as varves.

In the case of the Kleinkems Quarry, the presence of lithogenic elements in the dark-colored laminae
suggests a persistent input of detrital material even during the dry season. This observation leads us to
the interpretation of both the dark- and light-colored laminae couplets of this quarry as solely clastic
varves that show seasonal changes in grain-size. However, it is not impossible that'the dark-colored
laminae are endogenic (similarly to the clastic-calcitic varves of Lake Chatyr Kol; Kalanke €t al., 2020),
and that the proximity of the depositional area with the border fault accounts for occasional detrital input.

5.1.2.3. Sediment Accumulation Rates

Considering the ~2 mm varve thickness of the “Sel IlI” unit (Figure 4), the average SAR is estimated at
~2 m/kyr. This SAR would imply that precession cycles would be ~40 m thick, which is much more than
the observed ~12.6 m thick mudstone-evaporite alternations of the “Sel 1lI" unit. It would also imply a
SAR higher than any observed rift valley (Schwab, 1976). This estimation however does not account
for the potential SAR variations across lithologies, and especially when considering the mudstone
intervals, as not all mudstone samples are finely laminated (Figure 3F;see supplementary files). Precise
estimates cannot be given here due to the fragmentary nature of the retrieved core samples. Further
studies are required to provide more details, such as continuous microfacies descriptions (which would
require the collection of new core). However, in the case ©f the lowermost “Zone Salifére Supérieure”,
SARs from fine laminations interpreted as varves (Kuhn & Roth, 1979) have been used to interpret that
the decimeter-thick mudstone-evaporite alternations are as induced by precession in the MAX borehole
(Blanc-Valleron et al., 1989; Blanc-Valleron, 1990). We performed the spectral analysis of a part of the
“Zone Salifere Supérieure” to provide an independent argument for the interpretation of the meter-thick
to decimeter-thick mudstone-evaporite alternations as being astronomically-forced (Figure 8).

5.2. Cycle interpretation

The ratios between the =82.3' m, ~22.4 m, ~9 m, and ~4.5 sedimentary cycles (DP-212 well, “Sel V”) in
the depth domain (18.3 : 5.:2 : 1) (Figure 8) are particularly close to those of the orbital cycles (long
eccentricity, short eccentricity, obliquity, and precession) in the time domain (20:5:2: 1). The ~82.3
m cycle is therefore interpreted as corresponding to the long eccentricity, the ~22.4 m cycle to short
eccentricity, the ~9 m_cycle to obliquity, and the ~4.5 m cycle to precession. Furthermore, the ~4.5 m
sedimentary cycle has three main peaks that can be correlated to the three main periods of precession.
The fact that the ~4.5'm cycle is in phase with the majority of observed mudstone-evaporite alternations
suggests that they were primarily induced by precession through the “Sel V” unit (Figure 8). By
comparison, this interpretation confirms the previous investigation of Blanc-Valleron et al. (1989) that
suggests that'the mudstone-evaporite cycles of the “Sel III” were astronomically-forced.

5.3. Facies change across the EOT: a marker of regional climatic change with implications for
global climate dynamics

The facies transition from massive mudstones to laminated sediments and varves along the onset of
the meter-thick to decimeter-thick mudstone-evaporite alternations is well-documented in the original
description of the DP-XXVIII well (MDPA, 1960). Until now, it was neither discussed, nor placed in the
perspective of the EOT (Figure 2, Figure 3). The two main drivers of change in sedimentary facies are
climate and tectonics (Carroll & Bohacs, 1999). The climatic evolution of the URG during the Eocene
and Oligocele is relatively well-known and reveals a marked increase in the seasonal climatic contrast
at the bottom of the “Sel IlI” unit (Schuler, 1988). Climatic conditions shifted from wet subtropical during
the “Zone Salifere Inférieure”, with a short or absent dry season, to the drier subtropical/mediterranean-
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type conditions of the “Zone Salifere Moyenne”, with a pronounced dry season lasting around half the
year. This shift is penecontemporaneous with the facies transition, and we therefore argue that this
change in sedimentary facies reflects the onset of a pronounced seasonal climatic contrast. In addition,
the onset of laminated sediments and varves is also synchronous with the onset of repetitive decimeter-
thick marl-evaporite alternations. The study of Blanc-Valleron et al. (1989), and the spectral analysis of
the DP-212 well presented in this paper, suggest that these alternations are forced by precession in the
“Zone Salifere Supérieure” (Figure 2, Figure 8), and in the “Sel IlI” as well by comparison.

In paleoenvironmental terms of the classification of lake-basin types (Carroll & Bohacs, 1999; Bohacs
et al., 2000), the deposits of the “Zone Salifere Inférieure”, “Zone Salifere Moyenne”, and “Zone Salifere
Supérieure” are characteristic of an underfilled lake. The relative stability of the climate across the
deposition of the “Zone Salifére Inférieure” (Schuler, 1988) suggests that these lithological changes
were potentially not driven by climatic changes. Starting from the bottom of the “Sel IlI”, the decimeter-
thick mudstone-evaporite cycles were most likely induced by lake-level variations related to orbital
cycles. While we emphasize that the varves resulted from seasonal precipitation changes, with the
clastic laminae being deposited during humid winters and chemical laminae deposited during dry
summers (potentially associated to seasonal lake-level fluctuations), it is also_possible that seasonal
temperature changes influenced the saturation of brines. By comparison, facies changes associated
with an increase in seasonal climatic contrast have been documented further.west in the.Rennes Basin
across the EOT (Tramoy et al., 2016; Bauer et al., 2016; Boulila et al., 2021). In the Rennes Basin, a
sharp contact between massive, clotted greenish clays, and brownish, organic laminated clays is
described above the Eocene-Oligocene boundary (Oi-1 event) (Boulila et al.;72021). However, the
microfacies of the laminated clays were not analyzed in detail and their depositional processes and
potential cyclicity (i.e., as varved deposits) were not assessed. Furthermore, laminated mudstones are
also described earlier in the sequence and are attributed ‘to hypoxic lacustrine conditions. Detailed
microfacies investigations would be required to assess.whether:.these laminated sediments show
significant facies changes before and after the EOT. The detailed .cyclostratigraphy of the Rennes Basin
indicates strengthening of the eccentricity and the precession band at the EOT (Boulila et al., 2021).
There are therefore strong similarities between the Mulhouse Basin and the Rennes Basin, as both
basins display pronounced facies changes with. the presence of laminated sediments and
astronomically-forced sedimentary alternations.Furthermore, the Bourg-en-Bresse Basin (Bresse
Graben), similar to the Mulhouse Basin, exhibits the onset of decimeter-thick mudstone-evaporite
alternations in which mudstones are laminated and display light-colored (carbonated) and dark-colored
(organic) sub-millimeter-thick couplets that resemble varves (Moretto, 1986) (Figure 10). The bottom of
the “Ensemble Salifére Intermédiaire” of the Bourg-en-Bresse Basin has been correlated to the bottom
of the “Sel llI” of the Mulhouse Basin(Moretto, 1986; Blanc-Valleron, 1990), and both basins display an
increase in seasonal climatic contrast at that time (Schuler, 1988). The combined observations of these
three records (which are several hundreds of kilometers apart) provide evidence for an increase in
seasonal climatic contrast and in sensitivity of the climate to orbital variations over the continental west
European mid-latitudes during the EOT. This hypothesis is consistent with recent studies that suggest
an increase in sensitivity of the climate to orbital variations across the EOT (Westerhold et al., 2020;
Tardif et al., 2021).

This prominent change in sedimentary regime occurs over a short stratigraphic interval and marks a
change-point in the evolution of the behavior of the lacustrine systems that occupied the three basins.
All these characteristics match well with the definition of a xenoconformity, which describes a
stratigraphic_surface (or gradational interval) that records an abrupt change in sedimentary facies
across regional to global scales (Carroll, 2017). The intra-basinal to inter-basinal recognition of such a
singular stratigraphic surface or interval is therefore interpreted as diagnostic of major global climate
changes, such as that of the Oi-1 event (and EOT) observed in western Eurasia mid-latitude lacustrine
records (Boulila et al., 2016; Ao et al., 2020). We thus propose that the increase in seasonal climatic
contrast and sensitivity of climate to orbital variations observed in the Mulhouse and Bourg-en-Bresse
basins are, similarly, synchronous with the EOT.
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Figure 10: Comparison and correlations between the sedimentary records of the Rennes (Bauer et al.,
2016; Tramoy et al., 2016; Boulila et al., 2021), Mulhouse (Blanc-Valleron, 1990; this study), and Bourg-
en-Bresse (Moretto, 1986) basins:

Compared to investigations performed at other localities, our findings better assess regional and global
coherency (and therefore-potential driving mechanisms) of the observed changes. High resolution
marine &'3C and 8'®0 benthic records suggest increased sensitivity of the climate to orbital variations
across the EOT, which are inked to the formation of the Antarctic ice sheet and resulting increased
oceanic circulation‘dynamics at seasonal and orbital scales (see Westerhold et al., 2020 and references
therein). This provides a simple explanation for the increased seasonal climatic contrast observed in
western Europe and is substantiated by further studies. The study of North Atlantic sediment cores
revealed the:.change from diverse mixed broad-leaved to cooler conifer-dominated pollen, indicative of
an increase in seasonal climatic contrast across the EOT (Eldrett et al., 2009). Geochemical analyses
performed on shells of freshwater gastropods in the Hampshire Basin (United Kingdom) indicate a
decrease.in growing-season surface temperatures of 4°C across the EOT, indicating that the change
in seasonal climatic contrast was likely also expressed by colder winters (Hren et al., 2013). Other
studies account for a shift from warm paratropical/temperate to temperate/boreal vegetation in western
and central Europe, which is also indicative of an increase in seasonal climatic contrast across the EOT
(Mosbrugger et al., 2005; Kvacek et al., 2014; Utescher et al., 2015; Kunzmann et al., 2016). Continental
temperature curves derived from central Europe flora have been correlated to global marine oxygen
isotopes, suggesting a tight link between continental climate with oceanic changes and Antarctic ice-
sheet (Mosbrugger et al., 2005), as well as the interpretation that pCO2 drawdown and associated
temperature drop that may have simply led to dryer and cooler winters, thus enhancing seasonal
climatic contrasts (Eldrett et al., 2009). Furthermore, these observations are similar to a distant record
in northeastern Tibet, where a transition from sedimentary cycles dominated by eccentricity to
sedimentary cycles paced by a combination of eccentricity, obliquity, and precession is observed across
the Oi-1 event (Ao et al.,, 2020). This suggests increased seasonality extended at least over the
Eurasian continent across the EOT. However, this trend does not appear to extend globally, as indicated
by recent proxy-data reviews across the EOT (Hutchinson et al., 2019) and data-model comparisons
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(Tardif et al., 2021; Toumoulin et al., 2022), most notably in North America showing only limited
variability increases. This implies the EOT affected Eurasia climate patterns differently and led to the
suggested increase in modulations of the westerlies (Toumoulin et al., 2022). Most importantly,
teleconnections in circulation changes in the North Atlantic following the formation of the Antarctic ice-
sheet has been proposed to relate to the onset and/or strengthening of the AMOC (Goldner et al., 2014).
Such a mechanism would affect the seasonal climatic contrast and the sensitivity of local climate to
orbital forcing in Eurasian mid-latitude records (Goldner et al., 2014). It should be noted, however, that
more recent numerical simulations considering the pCO: reduction, the Antarctic ice-sheet
development, as well as gateway opening around Antarctica associated with sea-level drop, fail to
reproduce strengthening of AMOC-like oceanic dynamics (see Toumoulin et al., 2020 and references
therein). Recent studies have also linked the EOT to gateway opening and closing between the Atlantic
and the proto-Arctic (Coxall et al., 2018; Straume et al., 2022). These changes may have affected
atmospheric and oceanic circulation globally and certainly induced changes in western Europe during
the EOT.

Further investigations are required to determine more precisely the links and contributions between
global drivers such as pCO2 drawdown, sea-level drop, and tectonically-forced.changes in oceanic
circulation (Kennett, 1977; DeConto & Pollard, 2003; Pearson et al., 2009; Abelson & Erez, 2017;
Toumoulin et al., 2020; Straume et al., 2022) of European climates across:the EOT. This requires the
determination of the exact timing of the observed changes in seasonality and astronomically-forced
cyclicity through the various phases of the EOT (e.g., Boulila et al., 2021, in. combination with numerical
model simulations focusing on these particular entities.

6. Conclusion

This paper provides insights into the enhancement of seasonal climatic contrast and sensitivity of the
local climate to orbital variations across the Eocene-Oligocene Transition in the Upper Rhine Graben.
Our new results are based on analyses of sedimentary rock cores and documents from the DP-XXVIII
and DP-212 wells, as well as rock samples from the Altkirch and Kleinkems quarries (proximal records;
“Zone Fossilifere”). Our investigation provides a new perspective on climate change during the Eocene-
Oligocene Transition, the impact upon the.lacustrine record of the Upper Rhine Graben, and how this
related to global climate dynamics.

1. The presence of varves.in the “Sellll” and “Zone Fossilifére” units of the DP-XXVIII well, and
in the “Zone Fossilifere” unit of the Altkirch and Kleinkems quarries is proposed based on
microfacies analysis, together with a model combining fabric formation and depositional
hydrology. We compared the lower Oligocene varves of the Mulhouse Basin to those from
the Dead Sea (Ben Dor et al., 2019), and the varves of the Altkirch and Kleinkems quarries
(“Zone Fossilifere”) to those from the Chatyr Kol Lake (Kalanke et al., 2020).

2. In the DP-XXVIII well, a strong facies transition from massive mudstones to laminated and
varved mudstones is documented from the base of the “Sel IlII” unit. This change in
sedimentary pattern coincides with the onset of decimeter-thick mudstone-evaporite cycles,
which we demonstrate are induced by orbital variations. Palynological studies have shown a
penecontemporaneous change in climatic conditions towards a mediterranean climate with
enhanced seasonal climatic contrast (Schuler, 1988). We thus propose that the appearance
of the laminated and varved mudstones records a stronger contrast in the sedimentation
processes that resulted from the climate change towards a stronger seasonal climatic
contrast. We also suggest that the onset of the decameter-thick mudstone-evaporite cycles
is related to an increase of the sensitivity of the climate to orbital variations across the EOT.

3. We outlined similarities between our observations in the Upper Rhine Graben and changes
in sedimentary facies documented in the Rennes Basin during the Eocene-Oligocene
Transition (Boulila et al., 2021), and in the Bourg-en-Bresse Basin (Moretto, 1986). As such,
we suggest that this spatially-transgressive facies transition could be the marker of the
Eocene-Oligocene Transition in European mid-latitude lacustrine records. By comparison
with similar observations performed in northeastern Tibet, this change could be a marker of
the Oi-1 event (Ao et al., 2020). The characterization of such changes in sedimentary facies
could help understand climate change during the Eocene-Oligocene Transition and aid the
establishment of chronological frameworks. In addition, we suggest that the abruptness of
this transition in the Mulhouse, Bourg-en-Bresse, and Rennes basins could reflect a
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changepoint that had a major impact on regional climate, possibly through a pCO2 drop
and/or oceanic circulation changes, such as the onset of a proto-AMOC in relation with the
formation of the Antarctic icesheet. We also show that these observations are coherent with
other coeval paleoclimatic records in Europe.
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