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Improved chronostratigraphy for the Messel
Formation (Hesse, Germany) provides insight into
early to middle Eocene climate variability
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Abstract. Besides providing unique information on early mammal evolution, the UNESCO World Heritage
Site “Messel Fossil Pit” (Hesse, Germany) yields detailed insight into short-term climate variability during the
early to middle Eocene due to its annually laminated oil-shale sequence. Here, we constrain the chronos-
tratigraphy of the sediments from the Messel paleolake to allow precise correlation with other marine and
terrestrial archives from that time period. This study utilizes a suite of geochemical proxy data (gamma ray,
total organic carbon and carbon isotopes of organic matter) obtained from a scientific drillcore (FB2001) from
the depocenter of the Messel paleolake. The drillcore comprises the full succession of the lacustrine sediments
of the Lower (LMF) and ~60 % of the Middle Messel (MMF) Formations, including all marker beds that are
used to stratigraphically correlate excavated fossil remains across the lake basin. Based on the proposed
astronomical tuning, we infer that the LMF and MMF obtained in core FB2001 cover in total c. 840 kyr and
were deposited between 48.06 Ma and 47.22 Ma. More specifically, our tuning yields a duration of c. 130 kyr
and c. 430 kyr for the annually laminated oil shale of the LMF and MMF, respectively. Our results imply a
slightly longer deposition of the LMF than previously proposed based on the same core. By contrast, the
deposition of the MMF occurred over a slightly shorter time interval. As a result of our tuning approach, and
considering the revision of a previously published *°Ar/*° Ar age for the base of the LMF, the top of the MMF in
core FB2001 has an age 0of 47.22 + 0.21 Ma and is thus ~200 kyr younger than suggested previously. We also
find that the average sedimentation rate (~20 cm/kyr) for the oil-shale intervals is slightly higher than
previously estimated. In line with previously published palynological records our geochemical data point to a
strongly variable climate during deposition of the LMF and MMF, with humidity changes being paced by
orbital precession and eccentricity. The synchronicity of negative excursions in the organic matter-derived
carbon-isotope signals for the LMF and MMF as presented in our study to those registered in quasi-global
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carbon-isotope compilations further corroborates the robustness of our age model. As these quasi-global
carbon-isotope anomalies represent disturbances of the global carbon cycle and are often associated with
abrupt warming events (“hyperthermals™), the organic-rich sediments recovered at Messel provide the
opportunity to study the response of aquatic and terrestrial ecosystems to climate disturbances in un-

precedented temporal resolution.

Key words. Messel Pit Fossil Site, Middle Eocene, astrochronology, hyperthermals

1. Introduction

Due to rising greenhouse-gas concentrations the Earth
system currently moves toward climate states without
historic precedent, challenging societal adaptation
(IPCC 2021). However, Earth’s geological history
offers possible analogues that cover individual aspects
of the warming world of the coming decades. Thus,
studying such past climates can be instrumental for
fine-tuning model predictions and ultimately support
our abilities for adaption to future climate change. Past
analogues of future climate conditions include the
climatic state of the early Eocene (c. 56-47.8 Ma;
Bijl et al. 2013), which based on current greenhouse-
gas emission trajectories will likely be reached in
~2150 (Burke et al. 2018). During the early Eocene,
global mean annual surface temperatures were 13.0 +
2.6°C higher than those of the late 20™ century
(Caballero and Huber 2013), high latitudes were
characterized by near-tropical warmth and lacked
ice shields (Sluijs et al. 2009, Pross et al. 2012),
and the atmospheric carbon dioxide (pCO,) level
was at approximately 1,400 parts per million volume,
i.e., more than three times higher than today (Ana-
gnostou et al. 2016, Rae et al. 2021).

The maar-lake sediments of the Messel Pit Fossil
Site, an UNESCO world heritage site in the State of
Hesse, Germany, provide an exceptional sedimentary
archive to study early to middle Eocene climate
variability (Fig. 1). Deposited c. 48 Ma ago, the Messel
oil shale is famous for its exceptionally well-preserved
vertebrate, insect, and plant fossils that provide a
spectacular glimpse into terrestrial ecosystems of
the Paleogene (e. g., Schweizer et al. 2007, Smith et
al. 2018, Wedmann et al. 2007, Wedmann et al. 2021).
Its sediments also represent a unique archive for
investigating short-term climate dynamics operating
in the mid-latitudes (assuming a middle Eocene pa-
leolatitude of ~46° N for Messel; Smith et al. 2018)
during the geologically most recent greenhouse period
of the Earth. While the early and middle Eocene has
formerly been viewed as climatically relatively stable
(Pearson et al. 2007, Kozdon et al. 2011), high-

resolution benthic oxygen and carbon-isotope data
reveal that it has been punctuated by a number of
hyperthermals characterized by pronounced, negative
carbon-isotope excursions that point at recurring large-
scale disturbances of the global carbon cycle (Zachos
et al. 2010, Westerhold et al. 2020).

This study revisits and improves the currently
available astronomical tuning of the research drillcore
FB2001 retrieved from the depocenter of the former
Messel maar lake. For this purpose, we utilized down-
hole gamma-ray data together with results from a suite
of time-series analyses. The improved age model
allows for a better temporal placement of the LMF
and MMF within the early to middle Eocene time scale,
thus providing the basis to link regional climate
variability as documented at Messel to global climate
dynamics. While there is now a robust understanding
of Eocene climate variability and carbon-cycle dy-
namics from marine records (Westerhold et al. 2020),
regional-scale time-equivalent continental climate ar-
chives as provided by Messel are yet scarce. Hence, the
revised record will be instrumental for improving our
understanding of continental climate variability as well
as providing a basis to ground-truth numerical models
that simulate Eocene climate (e. g., Zhu et al. 2019).

2. Study area and the FB2001
drillcore

The Messel pit is located close to the city of Darmstadt
near the Upper Rhine Graben (Fig. 1), a prominent
central segment of the Cenozoic Central European Rift
System (e. g., Illies 1972, Hinsken et al. 2007). Like
Messel, there are about half a dozen isolated outcrops
of Paleogene sediments on the structural high formed
by the Sprendlinger Horst, which is the northern
extension of the Variscan Odenwald basement
(Fig. 1). As most of the other Paleogene occurrences
on the Sprendlinger Horst, the succession at Messel
represents the remnant of a maar crater filled by basal
volcaniclastics that are overlain by lacustrine strata
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Fig. 1. (A) Geological map showing the location of the Messel Pit in relation to other Paleogene sites in the area (modified
after Harms et al. 1999); (B) generalized lithostratigraphy of the Messel FB2001 drillcore (modified after Felder and Harms
2004) with the position of the marker beds indicated (orange; cf. Section 2 for more details).

(Schulz et al. 2002). In order to obtain a continuous
succession of the Eocene strata at Messel, the research
core FB2001 was drilled in 2001 in the depocenter of
the former Messel maar lake (Schulz et al. 2002;
Fig. 1). The drillcore penetrated the lacustrine succes-
sion and reached the underlying volcaniclastic rocks
and vent breccia. As such, it provided evidence that the
maar lake was formed by phreatomagmatic eruptions
(Schulz et al. 2002, Lorenz 2003, Felder and Harms
2004). A basaltic clast from the volcanoclastic material
immediately underlying the oil-shale deposit at
267.8 m depth (Mertz and Renne 2005) has been dated
to 48.27 £ 0.22 Ma and 48.11 = 0.22 Ma by *°Ar/*°Ar

(Lenz et al. 2015), respectively, depending on the
presumed age of the reference material. This date
has previously been used as a chronostratigraphic
anchor for the overlying lacustrine strata (Lenz et
al. 2015).

The initial lacustrine phase of the Messel maar lake
in the FB2001 drillcore consists of the LMF
(228-111 m core depth; Fig. 1), which comprises abun-
dant mass-movement deposits that formed due to over-
steepened crater walls (Schulz et al. 2002, Felder and
Harms 2004). While the lake in its early stages was
holomictic, increasing stability of the crater walls and
successive deepening of the lake led to the intermittent
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establishment of meromictic conditions reflected by the
deposition of finely laminated bituminous shale (“oil
shale”) in the upper part of the LMF (143-111 m core
depth; Fig. 1, Felder and Harms 2004). Separated from
this lower oil-shale interval by a horizon of reworked
sediments (111-94 m core depth), the classic “Messel
oil shale” of the MMF commences at 94 m core depth
(Fig. 1). It consists of finely laminated bituminous
claystones that provide evidence for stable meromictic
conditions in the lake (Felder and Harms 2004; Fig. 1).
The sub-mm-scale alternation of light and dark laminae
of the oil shale reflects a quasi-annual varve-like
stratification (Goth 1990, Goth et al. 1988, Irion
1977, Lenz et al. 2011). It is estimated that the total
thickness of the MMF at the FB2001 drillsite amounted
to ~155 m before economic excavation of the oil shale
started (Felder & Harms 2004); hence, the drillcore
comprises ~60 % of the originally deposited MMF.
Within the MMF, four marker horizons (from stra-
tigraphically oldest to youngest: v, B, o, and M; Fig. 1)
are commonly used for inter-basinal correlation and
serve as reference horizons to determine the relative
stratigraphic position of fossil remains. Marker hor-
izons o, B, and y were first defined by Franzen et al.
(1982). Marker horizon M (named after the mineral
montgomeryite; Schaal et al. 1987) is situated at
3.91 m core depth and consists of up to 0.3 cm thick
tripartite layers of phosphate minerals, with bands of
messelite (Ca,Fe> (POy4),-2H,0) crystals enclosing a
montgomeryite-rich band (e.g., Schaal et al. 1987,
Felder and Harms 2004, Liesegang and Wuttke 2022).
Marker horizon a (‘gray layer’), located at 27.36 m
core depth, is a fine sand with a quarzitic matrix and a
thickness between 0.1 and 1.0 cm. Marker horizon f
(‘double mica horizon’), found at 42.4 m core depth,
consists of highly decomposed feldspar and mica and
has a thickness of ca. 2 cm. Marker horizon y (‘white
layer’), located at 44.4 m core depth, is a clay layer
with a characteristic bright weathering color and a
thickness of ~0.2 cm. Marker beds B, a and M have
been tentatively interpreted as diagenetically altered
tephra layers (Weber 1988, Liesegang and Wuttke
2022). The FB2001 core has recovered all of these
marker horions, thus enabling the chronostratigraphic
placement of fossils found at Messel. This is also
important in a wider regional context as the recovered
mammal remains are used to stratigraphically con-
strain other terrestrial Eocene strata in Central Europe
(Ring et al. 2020). The overlying Upper Messel For-
mation is not contained in the FB2001 core because it
had already been removed due to previous mining

activity and is today only preserved as remnants along
the former margins of the Messel maar lake (Felder and
Harms 2004).

Paleontological and palynological evidence sug-
gests that the surroundings of the Messel maar lake
during the deposition of the LMF and MMF were
covered by paratropical vegetation (Lenz et al. 2011).
A long-term trend towards drier conditions was over-
printed by repeated changes in floral composition that
have been argued to be driven by orbital forcing (Lenz
etal. 2010, Lenzetal. 2011, Lenz et al. 2015). Based on
the assignment of precession, obliquity, and eccentri-
city to the dominant periods in the power spectrum of
the palynological data, an astronomical age model was
developed by Lenz et al. (2015), which indicated that
the deposition of the entire 94 m of the MMF in the
FB2001 core occurred over ~640 kyr (corresponding to
a mean sedimentation rate of ~14 cm/kyr). Such a
sedimentation rate would support the hypothesis that
the lamination of the oil-shale indeed represents annual
lamination (Irion 1977, Goth et al. 1988, Goth 1990,
Lenz et al. 2010, Lenz et al. 2015). Based on the
absolute ages of the underlying volcanoclastic rocks
(48.27 +£ 0.22 Ma and 48.11 £ 0.22 Ma; see above)
combined with orbital tuning, Lenz et al. (2015)
proposed that the MMF as preserved in the FB2001
drillcore was deposited between approx. 48.3 Ma and
47.6 Ma.

The palynological data of Lenz et al. (2015) have a
temporal resolution of ~1.4 kyr, which allows identi-
fying potential orbital cyclicities. However, their de-
pendence on multiple environmental variables (e. g.,
temperature, precipitation, and seasonality), each re-
sponding differently to an external forcing such as
insolation, complicates tuning to an appropriate astro-
nomical solution and thus hampers the development of
a more robust, astronomically anchored stratigraphy
(Lenz et al. 2015). A recent re-calibration of the
“OAr/*°Ar reference standard (Phillips et al. 2022)
furthermore necessitates revisiting the chronostrati-
graphic anchoring of the sedimentary succession found
at Messel.

3. Material and methods

3.1.

Gamma-ray logging is used to predict the varying
lithology in borehole by measuring the spontaneous
emission of gamma radiation from rocks (Nazeer et al.

Gamma-ray data
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2016). We here use the regular spaced downhole
gamma-ray log data (vertical sample rate = 0.1 m)
from drillhole FB2001 for the depth interval between
190 m and 1 m as previously published by Felder and
Harms (2004) and Wonik (2005). We linearly de-
trended and step-wise (window size = 30 m) z-score
normalized the gamma-ray data using the functions
znorm and rollapplyas implemented in the dprep
(Acuna et al. 2009) and zoo R package (Zeileis and
Grothendieck 2005). The “normalized” gamma-ray
data, hereafter simply referred to as gamma-ray
data, were then used for the subsequent time-series
analysis (cf. Section 3.3 for more details). The original
gamma-ray log data are shown in Supplementary
Figure 1.

3.2. Total Organic Carbon (TOC) content

To assess the relationship between gamma-ray log
variability and changes in organic-matter content, we
analyzed ten samples from the FB2001 depth interval
10-9 m for their TOC content. This new dataset
(Fig. 2, Table 1, Table 2) is supplementary to the
TOC record of Bauersachs et al. (2014) for the depth
interval 145—1 m of the same core. The new samples
were measured due to low spatial resolution of the

= =

existing TOC data set (~two samples per meter;
Bauersachs et al. 2014) relative to the gamma-ray
data (~10 data points per meter), and thus allow for a
same-resolution assessment of the gamma-ray/TOC
relationship based on an exemplary selected 1 m core
section of FB2001. For the TOC measurements, we
followed the protocol of Bauersachs et al. (2014). In
short, the dried and powdered sediment samples (ca.
30 mg) were pretreated with excess 2M hydrochloric
acid (HCI) to remove carbonates, neutralized with
distilled water, and again dried at 50°C for 24 h.
Subsequently, samples were measured in duplicates
using a CS-Analyser 144DR (Leco Corporation) at the
Institute of Earth Sciences at Heidelberg University
with an analytical precision of repeated measurements
better than 0.5 %.

3.3. Time-series analysis

Due to the presumed debris-flow deposition concur-
rent with the clastic layers at 228—-143 mand 111-94 m
core depth (Felder and Harms 2004; cf. Fig. 1 and
Section 2 for more details), we excluded these depth
intervals from the subsequent time-series analysis of
the gamma-ray data.
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Fig. 2. Comparison of the “normalized” gamma-ray downhole log data (GR) from the FB2001 drillcore (black line; Felder
and Harms 2004; cf. Section 3 for more details) at Messel with the total organic carbon (TOC) data (red line) from the FB2001
sediment core (Bauersachs et al. 2014, and this study; cf. Section 3 for more details). The generalized lithostratigraphy of the
Messel FB2001 drillcore (after Felder and Harms 2004) is also shown horizontally (see Fig. 1 for more information).
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Table 1. Age-depth tie points of the applied astronomical
tuning of the Lower and Middle Messel Formation
recovered from the FB2001 drillcore to the

La2010d astronomical target (Laskar et al. 2011).

Drillcore Depth Age (Ma)
(m) La2010d
1.00 47.22
7.40 47.25
16.80 4731
24.90 47.35
44.00 47.44
52.00 47.48
62.00 47.53
89.10 47.63
94.00 47.65
111.00 47.70
144.00 47.86
228.00 48.06

Table 2. Total organic carbon (TOC) content of selected
samples from the FB2001 drillcore (cf. Fig. 2 and
Section 3.2 for more details).

Drillcore Depth TOC
(m) (%)

9.08 35.08
9.17 37.06
9.24 41.96
9.38 39.42
9.40 37.18
9.52 36.38
9.58 31.45
9.75 32.13
9.80 33.01
9.87 26.28

To investigate the potential imprint of orbital cycli-
cities (e. g., precession, obliquity and eccentricity) of
the gamma-ray data of the oil-shale intervals from
drillhole FB2001, we utilized the REDFIT algorithm
(Schulz and Mudelsee 2002) implemented in PAST
4.10 (Hammer et al. 2001) and evolutive harmonic
spectrum analysis (EHA) implemented in the astro-
chron package in R (Meyers 2014, R Core Team 2014).
In particular, EHA is an extremely powerful spectral
analysis approach as it aids the identification of
potential sedimentation-rate changes.

To test the robustness of the identified orbital
cyclicities an Average Spectral Misfit (ASM) analysis
was carried out to assign dominant spectral peaks
derived from the gamma-ray data to the orbital fre-
quency bandwidths utilizing the astrochron R software

package (Meyers 2014). The applied taner filter as
implemented in the astrochron R software package
(Meyers 2014) and herein utilized for the astronomical
tuning of the LMF and MMF was centered at 1/3.65
and had a roll-off rate of 10°.

3.4. Bulk organic carbon isotope analysis

To increase the spatial resolution of the 83 Croc record
of Bauersachs et al. (2014), which encompasses the
145—1 m depth interval of the FB2001 drillcore, addi-
tional 25 samples from the depth interval between 146
and 1 m (Tab. 3) were analyzed for their 8"*Croc
values following the protocol of Bauersachs et al.
(2014). In short, portions of the powered, decalcified
sediment samples (1-2 mg) were analyzed for 8 *Croc
using a Flash Elemental Analyzer 1112 (Thermo
Scientific), connected to the continuous flow inlet
system of a MAT 253 gas-source mass spectrometer
(Thermo Scientific) at the Joint Goethe University-
Senckenberg BiK-F Stable-Isotope Facility, Goethe

Table 3. Bulk organic carbon (3'°Croc) isotope values of
selected samples from the FB2001 drillcore (cf.
Fig. 6 and Section 3.4 for more details).

Drillcore Depth 83Croc
(m) (%0 VPDB)
1.48 -30.7
2.28 -30.5
4.88 -29.6
11.49 -29.3
21.48 -29.4
27.28 -29.4
27.38 -29.3
31.48 -28.4
36.88 -28.7
42.28 -26.5
42.38 -27.5
42.47 -26.7
48.78 -29.2
48.88 -29.2
49.08 -28.7
55.08 -27.3
61.48 -26.8
81.48 -25.7
91.79 -28.9
92.59 -26.8
117.50 -26.9
125.50 -26.5
131.25 -25.8
140.00 -31.2
146.00 -26.1
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University Frankfurt. Carbon isotopes in graphite
standard USGS24 were analyzed alongside the sam-
ples in order to monitor accuracy and precision. The
isotope ratio is expressed in conventional delta nota-
tion: 6sample (%0) = [(Rsample - Rstandard)/ Rstandard - 1] x
1000, where R is the ratio of '*C/'2C of the sample and
the standard Vienna Pee Dee Belemnite (VPDB).
Accuracy and precision of all isotopic analyses
were determined by replicate sample analysis, which
yielded pooled standard errors better than 0.2 %o for
3"3Croc.

4. Results and discussion

4.1. Gamma-ray and TOC data

The gamma-ray signal of the FB2001 sediments shows
a distinct cyclical pattern (cf. Section 4.2 for more
details) in the oil-shale sections of the LMF and MMF.
Notably, the variability of the gamma-ray signal is
inversely correlated to the TOC signal for the oil-shale
intervals (Fig. 2). The anticorrelation between the
TOC and gamma-ray signals indicates a dilution effect:
this scenario, K- and Th-rich clays in the oil shale
contribute to a high gamma-ray signal (Diaz-Curiel et
al. 2021, Poupon and Gaymard 1970), while high TOC
contents lead to its dilution. This implies that organic
substances, which due to their high U content usually
yield high gamma-ray signals (Fertl and Chilingar
1988, Raddadi et al. 2005), are a less important
gamma-ray source than clay minerals in the Messel
oil shale. Interestingly, gamma-ray and TOC signals
correlate positively for the interval dominated by
coarse clastics between 111 and 94 m (Fig.2). In
this case, it appears that the more quartz-rich coarse
clastics dominating this interval (Felder and Harms
2004) are a low gamma-ray source relative to TOC,
leading to a higher gamma-ray signal when TOC is
high.

The variations of the downhole gamma-ray signal of
the oil shale can be either interpreted as fluctuation in
TOC production and preservation or as changes in the
detrital, clay-rich input into the Messel paleolake. Both
scenarios would result in varying amounts of clay vs.
TOC content as manifested in the gamma-ray signal.
As detailed in Section 4.2, we argue that the fluctua-
tions in the gamma-ray signal reflect orbitally driven
changes in precipitation that led to varying detrital
input into the lake. This interpretation is supported by
the lack of evidence for cyclical changes in TOC

production by algal blooms in the lake (Lenz et al.
2011). We further have no indication that the mero-
micitic state of the lake, and hence oxygenation state of
the lake bottom affecting organic matter preservation,
underwent distinct changes throughout the deposition
of the oil-shale intervals of the LMF and MMF
(Bauersachs et al. 2014, Schulz et al. 2002). It thus
appears that the gamma-ray signal is foremost a
reflection of detrital material influx to the Messel
paleolake, driven by changes in precipitation (Lenz
et al. 2015, Lenz and Wilde 2018). The dominance of
one environmental factor (i. e., precipitation) in shap-
ing the proxy signal makes the gamma-ray record of
the FB2001 sediment core an ideal target of astro-
nomical tuning.

4.2. Astronomical tuning KBSB 2022 of the
FB2001 sequence for the early to
middle Eocene

The assessment of the gamma-ray data for both oil-
shale intervals from drillcore FB2001 shows signifi-
cant cycles in the Redfit-spectrum (Fig. 3) at ~6.7 m,
~4.2 m, ~2.3 m, and ~1.8 m band-widths for the LMF
(143—111 m drillcore depth), and at ~5.6 m, ~4.6 m,
~3.6 m, ~3.0 m, and ~2.4 m band-widths for the MMF
(94-0 m drillcore depth), respectively. Comparable
cycles for the oil-shale interval of the MMF have
also been noted in the FB2001 pollen data (Lenz et al.
2015). Assuming sedimentation rates between 10 and
50 cm/kyr, which is in accordance with previous
estimates based on pollen data and laminae counting
(Goth 1990, Lenz et al. 2010, Lenz et al. 2015), we
assessed the potential relationship of these significant
cycles from the depth domain to orbital frequencies of
the half-precession (1/11), precession (1/19 and 1/21),
obliquity (1/41), and short and long eccentricity
(1/100, 1/400) frequency range given their presence
in the initial astronomical tuning of Lenz et al. (2015).
Based on the applied ASM analysis (Fig. 3; cf. Section
3.3 for more details), we find that the significant
~2.3 m and ~1.8 m depth cycles of the LMF presum-
ably relate to half-precession, while the ~4.2 m cycle
seems to be a reflection of orbital precession. Addi-
tionally, the documented ~6.7 m cycle, which based on
the calculated average sedimentation rate of ~21 cm/
kyr for the oil shale of the LMF (Fig. 3) translates into a
~32 kyr cycle, could potentially reflect a weak ob-
liquity signal or a non-linear component (Lourens et al.
2010, Hodell et al. 2023). Based on the ASM analysis
and the calculated average sedimentation rate of
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Fig. 3. Time-series analysis results from the gamma-ray
downhole log data from the FB2001 drillhole at Messel.
Only the results from the Lower Messel Formation (LMF;
depth section 143 m to 111 m depth) and Middle Messel
Formation are shown (MMF; depth section 94 to 1 m depth;
Fig. 1; cf. Sections 3 and 4 for more details); (A and B)
REDFIT spectral analysis with the 95 % significance level
marked by the red line; (C and D) Evolutive Harmonic
Analysis (EHA). Dominant frequencies are marked by white
dotted lines. Shown are the EHA amplitude (EPSA -
evolutive power spectral analysis), EHA harmonic F-test
with confidence levels set to the 95 % percentile, and the
normalized gamma ray data. The maximum frequency is set
t0 fiax = 1.0 and the window size was set to 25 m for the
interval 1-94 m and 10 m for the section 143-111 m (cf.
Section 3 for more details); (E and F) Results of Average
Spectral Misfit (ASM) calculations for frequencies with
>95 % confidence level in the gamma-ray spectrum using
10* iterations for 4-50 cm/kyr sedimentation rates (cf.
Section 4.2 for more details). Relation of the spectral peaks
(dashed black line; numbers indicate the respective periods
in the depth domain) relative to the orbital target frequencies
(red lines; E400 — long eccentricity, E; oo — short eccentricity,
O — obliquity, P — precession, HP — half-precession); black
bars on top of spectral peaks denote the half-width of each
peak. ASM calculation (black line) and the significance level
estimation for null hypothesis rejection (SL-Ho, blue line)
with critical significance level indicated (dotted line). The
results indicate that the null-hypothesis of no orbital forcing
can be rejected, with the average sedimentation rate noted
accordingly (cf. Section 4.2 for further discussion).

~22 cm/kyr (Fig. 3), we find that all significant cycles
of the oil-shale interval of the MMF relate either to the
half-precession (~2.4 m, ~3.0 m and ~3.6 m) or pre-
cession (~4.6 m and ~5.6 m cycles) band-widths. It
should be noted that due to the temporally restricted
nature of the LMF and MMF oil-shale sections (c. 150
kyr and c. 420 kyr, respectively, based on their
individual average sedimentation rates derived from
the ASM; see Fig. 3), the relationship of the gamma-
ray variability of these sections to short and long
eccentricity cannot be assessed robustly using time-
series analysis. Nevertheless, our results imply that the
depositional changes within the LMF and MMF oil
shales as documented by the gamma-ray record re-
sponded strongly to orbital (Milankovitch) cycles, and
thus support the previously expressed notion that the
deposition of the Messel oil shale was linked to past
climate variability paced by orbital frequencies (Lenz
et al. 2010, Lenz et al. 2011, Lenz et al. 2015). In
addition, the similar average sedimentation rates for

both oil-shale sections indicate that the depositional
background conditions during both intervals were
likely comparable, reflecting meromictic lake condi-
tions (Felder and Harms 2004).

Interestingly, while half-precession and precession
are clearly expressed in the ASM of the LMF and
MMF oil-shale sections (Fig. 3), the obliquity imprint
remains ambiguous as it is seemingly recorded in the
LMF, but not the MMF. This is in line with previous
pollen-based work on the FB2001 sediment core (Lenz
et al. 2011). Our findings of a weak or missing
obliquity imprint are in line with the general concept
that the influence of obliquity on global climate during
warm, ice-free periods such as the Eocene is weak,
while the influence of eccentricity and precession is
high (Zachos et al. 2001).

To produce an astronomical tuning, we filtered the
precession signal from the gamma-ray data for both
oil-shale intervals, respectively, using a taner filter (cf.
Section 3.2 for more details). The precession filter for
the oil-shale section of the LMF indicates c. 7 pre-
cession cycles with increasing amplitude from the base
to the top of the section (Fig. 4). In contrast, the filter of
the MMF oil shale consists of c. 28 cycles with a
clearly expressed amplitude modulation, causing a
bundling of 4-6 precession cycles (Fig. 4). We thus
argue that the amplitude modulation represents short-
eccentricity variability in the oil shale of the MMF, and
assume that this might also be the case for the weakly
expressed amplitude modulation in the LMF (Fig. 4).
We then aligned the filtered precession signal and its
implied short-eccentricity envelope to the eccentricity
signal of the La2010d astronomical solution of Laskar
etal. (2011). The La2010d solution was applied as it is
considered to be particularly reliable back to 54 Ma
(Hilgen et al. 2020, Lauretano et al. 2016, Westerhold
et al. 2012). To identify the optimal tuning option, we
further considered a set of prerequisite boundary
conditions: We assume (i) that the LMF basis age is
representative of the age of the maar-forming eruption,
(i) the eruption took place at 48.065 + 0.21 Ma
following the re-calibration of the 40Ar/39Ar—age of
the fish canyon tuff to 28.176 + 0.023 Ma (Phillips et
al. 2022), and (iii) that the LMF and MMF sediments
present in the drillcore FB2001 cover together between
~0.65 Ma to ~1 Ma based on previous estimates
(Felder and Harms 2004, Lenz et al. 2015). These
assumptions assign the top of the MMF to an age
between ~47.4 Ma and ~47.0 Ma.

Starting our tuning with the filtered precession
signal of the MMF oil shale, we observe five inferred
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short-eccentricity cycles that seemingly follow a long- La2010a-c or Ze2020a-d (Laskar et al. 2011, Zeebe
term ~400 kyr eccentricity pattern. Given the afore- and Lourens 2022), would typically result in a maxi-
mentioned boundary conditions of the astronomical mum offset of <10 kyr for both the MMF and LMF (see
tuning, we argue that these five short-eccentricity  Supplementary Figures 2—-3). The sole exception to this
cycles recorded in the MMF can only be reasonably  is La2010a, which induces a shift of the LMF towards
placed between ~47.2 and ~47.6 Ma. Assuming an in-  older ages by c. 50 kyr. However, considering the
phase behaviour of the gamma-ray signal to orbitally  geological context of the LMF oil shale, nestled
paced climate variability, we aligned the mid-point between both clastic layers, it implies an inherent
gamma-ray short-eccentricity maxima directly to the tendency to exhibit more characteristics of a “floating
mid-point short-eccentricity maxima of La2010d time scale”. Therefore, the potential offset of 50 kyr
(Fig. 4; Tab. 1). In contrast, the temporal placement when tuning to La2010a as opposed to La2010d falls
of the precession filter derived from the LMF oil shale  well within the expected uncertainty range for the
is more difficult due to its shortness. A transition from  chronological positioning of the LMF oil shale.

the employed La2010d eccentricity tuning target to one Generally, the progressive increase in precessional
of the other available eccentricity solutions, such as  amplitude as captured in the LMF oil-shale filter seems
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Fig. 4. Astronomical tuning of the Middle (MMF) and Lower Messel Formation (LMF) as recovered in the FB2001 drillcore
(Felder and Harms 2004); (A) Generalized lithostratigraphy of the Messel FB2001 drillcore (modified after Felder and Harms
2004), (B) “normalized” gamma-ray downhole log data (GR) from the FB2001 drillhole (Felder and Harms 2004; cf. Section
3.2 for more details); (C) Precession (prec) filter derived from the “normalized” downhole gamma-ray signal at Messel (cf.
Section 3.2 for details); (D) eccentricity (ecc) signal derived from astronomical solution La2010d (Laskar et al. 2011). Tuning
tie points between the precession filter derived from the FB2001 “normalized” downhole gamma-ray in the depth domain and
the La2010d solution are indicated by arrows (see Tab. 1; cf. Section 4.2 for more details); (E) Tuning fit of the eccentricity
(ecc) astronomical solution L.a2010d (red line; Laskar et al. 2011) and the tuned precession filter derived from the FB2001
“normalized” borehole gamma-ray ’(black line; Felder and Harms 2004; cf. Section 3.2 for details); (F) Resulting
sedimentation rate based on the proposed astronomical tuning.



Improved chronostratigraphy for the Messel Formation (Hesse, Germany)

163

to fit best to the increasing short-eccentricity amplitude
between ~47.85 Ma to 47.7 Ma in the La2010d orbital
solution (Fig.4). This temporal placement would
allocate c. 190 kyr of duration to the lower LMF
clastic layer between 228 and 143 m underlying the
LMF oil shale, and c. 150 kyr to the upper LMF clastic
layer between 111 and 94 m overlying the LMF oil
shale. In case of the lower LMF clastic layer, this
would result in an average sedimentation rate of
~0.5 m/kyr for this section and thus represent a dou-
bling of the sedimentation rate relative to the average
sedimentation rates previously reported for the oil-
shale sections (Lenz et al. 2015; Fig. 4). Based on this
estimate, the lower LMF clastic layer spans c. 190 kyr.
The palynological analysis of Lenz et al. (2007)
revealed, however, the presence of pioneer vegetation
(i. e., ferns) during this time interval. Based on Recent
studies, the re-establishment of pioneer vegetation on
volcanic substrates typically occurs rapidly within few
decades or even less (e.g., Smathers and Mueller-
Dombois 1974, and references therein). The calculated
duration of c¢. 190 kyr is primarily influenced by the
new calibration of the **Ar/*°Ar age at the base of the
LMEF, which has a larger error margin at 48.065 + 0.21
Ma. It is thus important to highlight that, from a
palynological perspective, the deposition of the oil-
shale-free sediments between 228 m and 143 m core
depth may have occurred at a considerably faster rate.
This is consistent with the **Ar/*’Ar age when con-
sidering the associated error. The upper LMF clastic
layer would also be characterized by increased sedi-
mentation rates (~0.3 m/kyr), albeit not as pronounced
as within the lower LMF clastic layer (Fig. 4). The
higher sedimentation rates in both cases would align
well with the previously argued debris-flow deposi-
tions associated with both intervals presumably caused
by crater-flank instabilities (Felder and Harms 2004).
In total, we thus argue that the LMF and MMF
recovered in the FB2001 core contain c. 840 kyr
between 48.06 Ma (corresponding to 228 m core
depth) to 47.22 Ma (1 m core depth).

Based on our new astronomical tuning, we can also
identify enhanced precession to half-precession inter-
ferences under high eccentricity in the lower part of the
recovered MMF oil shale. This fact is also evident in
the applied precession filter, which reveals two “addi-
tional” precession cycles within the two short-eccen-
tricity cycles associated with the lower part of the
MMF oil-shale relative to the middle and upper MMF
oil-shale sections in the FB2001 core (Fig. 4). For
Pleistocene boundary conditions, the half-precession

signal has been linked to low-latitude climate varia-
bility such as monsoonal influence (Berger et al. 1997,
Berger etal. 2006, Short et al. 1991, Ulfers et al. 2022).
A strong low-latitude imprint would be in line with the
previously proposed tropical monsoonal climate at
mid-latitude Messel during the early to middle Eocene
(Grein et al. 2011). Gleaning from the Pleistocene time
period, eccentricity maxima would lead to a strength-
ened monsoon and increased precipitation associated
with high (half)precession amplitudes, and vice versa
for eccentricity minima (Ulfers et al. 2022, Zachos et
al. 2010). In fact, this scenario would align with the
observed increased sedimentation rates of the lower
part of the MMF oil shale in FB2001 (~27 cm/kyr),
which coincides with a ~400 kyr long-eccentricity
maximum, while sedimentation rates of the middle
section (~16 cm/kyr) in turn align with a ~400 kyr
eccentricity minimum (Fig. 4). Strikingly, sedimenta-
tion rates do not increase again in the uppermost
section of the MMF oil shale in FB2001, which is
associated with the highest precession (and, by exten-
sion, eccentricity) amplitudes of the entire recovered
MMEF oil shale. This development is counterintuitive.
However, it is in line with previous suggestions of a
long-term trend towards less humid conditions across
the MMF oil-shale interval in FB2001 (Lenz et al.
2011, Lenz et al. 2015). This might indicate that an
additional climate-shaping mechanism at least par-
tially overprinted the orbital climate forcing (cf. Sec-
tion 4.4).

4.3. Comparison of the KBSB 2022
astronomical tuning with the
previously published pollen tuning

Based on palynological changes identified in the
FB2001 sediment core, Lenz et al. (2015) suggested
two astronomical tuning solutions for the LMF and
MMEF recovered in the FB2001 drillhole. To compare
our astronomical tuning to the existing age-model we
adopted the age-depth tie points of Lenz et al. (2015),
applied them to the gamma-ray data, and subsequently
filtered the precessional signal based on our previous
filter settings (Fig. 5). We find that application of the
Lenz et al. (2015) tie points leads to the association of
the highest precessional amplitudes with a ~400 long-
eccentricity minimum and vice versa, which is at odds
with the general concept that high/low precession
amplitudes are intrinsically linked to high/low eccen-
tricity (Fig. 5; Laskar et al. 2004, Laskar et al. 2011).
Within the constraints of the tuning boundary condi-
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tions (cf. Section 4.2 for details), we thus argue that our
tuning provides a better fit between the precessional
amplitude modulation and the orbital La2010d solu-
tion than the Lenz et al. (2015) age model.
Additionally, distinct differences can be observed
between both age models regarding the duration of the
LMF and MMF. Firstly, the previously allocated total
duration of the MMF oil shale in the FB2001 core of
~650 kyr is longer than the ~430 kyr as proposed in this
study. Secondly, we estimate that the total duration of
the LMF is c. 400 kyr, which in turn is longer than the
previously proposed range of ~100 kyr to ~300 kyr
(Lenz et al. 2015). The duration difference for both
lithological units is most likely attributable to two

aspects: (i) We argue that the lower LMF clastic layer
underlying the LMF oil shale contains more time than
previously considered because of the presence of c.
30 m of finely laminated clastic sediments from
~167 m upwards. This suggests that the progressive
development of the Messel paleolake was closely
recorded in the LMF clastic sedimentary sequence,
and that at this point the earlier predominatant debris
flow deposition had largely ceased. The decreasing
abundance and thickness of the debrites is probably
related to the increasing stability of the crater flanks
(Felder and Harms 2004). (ii) We find only five clear
short-eccentricity cycles (cf. Section 4.2 and Fig. 4)
associated with the MMF oil shale in FB2001 instead
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of five to six short-eccentricity cycles that have been
suggested previously (Lenz et al. 2015). Particularly
the latter might be a reflection of the different sensi-
tivity of the underlying proxies to climate change. It is
possible that the gamma-ray variability, which traces
detrital input changes, responds more directly to cli-
matic changes than the circum-lake vegetation that
potentially records a buffered climatic signal due to (i)
internal vegetational threshold and feedback mechan-
ism (e.g., Webb 1986), and/or (ii) that a pollen
depositional bias caused a dampening of the orbital
signal incorporation into the sedimentary sequence
(e.g., Li et al. 2018).

The average sedimentation rates of the LMF and
MMEF oil shales in FB2001 (~21 cm/kyr and ~22 cm/
kyr, respectively) derived from our tuning also have
implications for the proposed laminae thickness of the
MMEF. Previous suggestions were between ~14 cm/kyr
(Schulz et al. 2002, Lenz et al. 2015) and ~15 cm/kyr

(El Bay et al. 2002, Lenz et al. 2010) for the laminae
sedimentation rates. Although our estimated sedimen-
tation rates of ~20 cm/kyr are slightly higher, they are
in line with earlier estimates of Goth et al. (1988) and
Goth (1990), who also proposed sedimentation rates of
up to 20 cm/kyr.

4.4. Messel — a potential archive of middle
Eocene hyperthermals?

The aforementioned conundrum of overall reduced
precipitation during deposition of the uppermost MMF
oil shale in the FB2001 core, despite its temporal
coincidence with a pronounced short-eccentricity
maximum (cf. Section 4.2), was further investigated
using previously published and new 8°Croc data
(Fig. 6). Within the Messel maar lake, 3'*Croc values
have been argued to predominantly reflect changes in
aquatic biomass (Bauersachs et al. 2014). In addition,
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the presence of '*C-depleted organic carbon may
reflect the increased production of microbial (or vol-
canogenic) methane in the Messel maar lake, which
would be reflected by characteristically low &'°C
values (Whiticar 1999) that are incorporated into
the algal biomass via metabolizing the dissolved
inorganic carbon sources of the lake water (Bauersachs
et al. 2014).

The 8'*Croc trend along the FB2001 drillcore shifts
from a median value of —26 %o at the onset of oil shale
deposition in the LMF to —29 %o towards the top of the
MME (Fig. 6). Such negative 8'*Croc values are lower
than the values for algae and photosynthetic bacteria in
the Messel oil shale (~22.5 %o and ~-24.5 %o, re-
spectively; Hayes et al. 1987), which might suggest
more severe perturbations of the lake’s carbon cycle
possibly coupled to an increased injection and con-
sumption of isotopically depleted carbon sources (such
as deep-water derived methane and/or atmospheric
CO, with a more '*C-depleted signature than at pre-
sent; Beaulieu et al. 2018, Harrison et al. 2017).

The long-term trend in '*C depletion and the in-
dication of a pronounced negative excursion in the
3"3Croc record are particularly interesting. These
events occur more frequently in the upper section of
the MMF oil-shale between 47.6 Ma and 47.2 Ma
(Fig. 6), and their significance becomes apparent when
considering the available global oceanic benthic &'*C
record (Fig. 6; Westerhold et al. 2020). Notably, we
find a good fit between negative excursions in the
global 8'3C CENOGRID stack and the 8'*Croc record
from Messel (Fig. 6). It is important to note that this
temporal match is not depended on the selection of our
tuning target (compare Section 4.2.), and thus instead
serves as an additional support for the validity of our
age model. It also indicates that these global-scale
events left an imprint on the isotopic composition of
organic matter in the Messel paleolake. As negative
3'3C anomalies during the Paleogene are often asso-
ciated with hyperthermals (Westerhold et al. 2020), we
thus posit that 8"*Croc excursions in the LMF and
MMF might represent the carbon-isotopic expression
of hyperthermals. In this context, we also observe that
the lithological marker beds in the LMF and MMF (M,
o, pand y; Fig. 6) are associated with negative 8'*Croc
excursions (Fig. 6), which means that their deposition
may not be related to temporally random processes
such as volcanic eruptions as previously thought
(Liesegang and Wuttke 2022), but instead are asso-
ciated with orbitally driven climate change during the
middle Eocene. However, further and more detailed

research into the relationship between the carbon-
isotope signals preserved in the Messel paleolake
and global carbon-cycle dynamics is required to
ground-truth the suggested link to global climate
anomalies.

5. Conclusions

This study proposes a new astronomical tuning for the
LMF and MMF lacustrine sedimentary sequences
recovered in the FB2001 drillcore at the UNESCO
World Heritage Site “Messel Fossil Pit” (Germany).
Based on the new tuning, the recovered LMF and
MMF sediments encompass a c. 840 kyr interval
between 48.06 Ma and 47.22 Ma, with the oil shale
of the MMF and LMF containing c. 430 kyr and c. 130
kyr, respectively. Intervals of coarse clastic sedimenta-
tion above and below the oil shale of the LMF
comprise ¢. 150 kyr and c. 190 kyr, respectively. In
comparison to the previously available age model of
Lenz et al. (2015), our new age model results in a
slightly shorter (by c. 200 kyr) duration of the recov-
ered MMF section and a longer duration of the LMF
section (by c. 100-200 kyr). As a consequence of the
new tuning approach and a re-calibrated *°Ar/*°Ar
basal age of the LMF, the top of the recovered MMF
has become slightly younger (by ~200 kyr; now 47.22
Ma) than suggsted previously. We estimate the average
sedimentation rate for the laminae of the oil-shale
intervals as ~20 cm/kyr, which is within the range of
earlier estimates (Goth et al. 1988, Goth 1990).

Generally, our results confirm the perception that the
sedimentary environment of the Messel paleolake was
highly sensitive to variations in orbital forcing (Lenz et
al. 2010, Lenz et al. 2011, Lenz et al. 2015). In detail,
we find that the variability in the detrital contributions
to the oil-shale as traced by the downhole gamma-ray
log is governed by orbital precession and eccentricity.
In this scenario, humid climate phases were character-
ized by lower TOC values and high gamma-ray values
associated with high precession/eccentricity ampli-
tudes, and vice versa for less humid climate conditions.
However, in contrast to previous studies, we find no
clear indication for the imprint of orbital obliquity on
the gamma-ray data (Lenz et al. 2015).

Lastly, 8"*Croc anomalies in the record of the LMF
and MMF sediments show a close match to the global
deep-water 8'>C reference stack of Westerhold et al.
(2020), arguing that perturbations in the global carbon
cycle triggering hyperthermals may have left an im-
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print on the organic matter deposited in the Messel
paleolake. Overall, our data paint a picture of an
orbital-scale variable climate during the early to mid-
dle Eocen.
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Supplementary Figure 1: Natural gamma ray log of drillhole FB2011 in API (American Petroleum Institute) units (Felder and Harms, 2004; Wonik, 2005).
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Supplementary Figure 2: Comparison of orbital eccentricity of La2010 a-d from the astronomical solution of La2010 for the time interval between 47 and 48.5 Million years (Ma; Laskar et al., 2011).
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Supplementary Figure 3: Comparison of orbital eccentricity of La2010d from the astronomical solution of La2010 (Laskar et al., 2011) and Ze2020 a-d from the astronomical solution of Ze2020 (Zeebe and Lourens, 2022) for the time interval between 47 and 48.5 Million years (Ma).
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