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Eocene maar sediments record warming
of up to3.5 °Cduringahyperthermal event
47.2 million years ago

Check for updates

Clemens Schmitt 1,2 , Iuliana Vasiliev1, Niels Meijer 1, Julia Brugger1, Stefanie Kaboth-Bahr3,
André Bahr 4 & Andreas Mulch 1,2

Eocene hyperthermal events reflect profound perturbations of the global carbon cycle. Most of our
knowledge about their onset, timing, and rates originates frommarine records. Hence, the pacing and
magnitude of hyperthermal continental warming remains largely unaccounted for due to a lack of high-
resolution climate records. Here we use terrestrial biomarkers and carbon isotopes retrieved from
varved lake deposits of theUNESCOWorldHeritage site ‘Messel Fossil Pit’ (Germany) to quantify sub-
millennial to millennial-scale temperature and carbon isotope changes across hyperthermal event
C21n-H1 (47.2 million years ago). Our results show maximum warming of ca. 3.5 °C during C21n-H1.
We propose that two components are responsible for the warming pattern across the hyperthermal:
(1) the massive release of greenhouse gases into the atmosphere-ocean system and (2) half-
precession orbital forcing indicated by ~12.000-year temperature cycles. The carbon isotope record
of bulk organicmatter indicates a sharp, 7‰ decrease at the peak of the hyperthermal, corresponding
to increased organic carbon content and a shift in the lake algal community. Collectively, our proxy
data reveal the structure of continental temperature response during the hyperthermal event that is
characterized by overall warming with a superimposed pattern of sub-orbital scale temperature
fluctuations.

A sequence of short-lived (104–105 ka) perturbations of the global carbon
cycle associated with massive injections of 13C-depleted greenhouse gases
into the atmosphere-ocean system (hyperthermal events) culminated
in episodic global warming during the early and middle Eocene1–3

(~56–46Ma). These carbon cycle perturbations resulted in negative car-
bon isotope excursions (CIEs) recorded in terrestrial and marine geolo-
gical archives4–6 revealing fundamental changes in ocean circulation and
chemistry including acidification and carbonate dissolution3. While the
timing of such hyperthermals can be reconstructed inmarine (carbonate)
records7–9 the amplitude and pacing of temperature change during
such hyperthermals remains poorly constrained, due to a lack of con-
tinuous high-resolution hyperthermal records. To date, only the
Paleocene–Eocene Thermal Maximum (PETM; ~56Ma) has been well-
documented10,11, with global surface warming estimated to have been
between 5.0 °C and 5.6 °C12,13. The PETM however, was extreme in its
magnitude of warming, duration, and environmental impact14 compared
to the numerous smaller orbitally-paced early to middle Eocene

(~54‒46Ma) hyperthermals and associated CIEs5. These post-PETM
CIEs, are nonetheless a recurring characteristic feature of the Eocene
greenhouse climate over several million years5 but their temperature
response is still underexplored, especially in continental environments.
This shortcoming generally limits our ability to project knowledge of
abrupt temperature perturbations in the past to analogous scenarios
predicted for future global warming15. Particularly high-resolution
(varved) terrestrial proxy temperature records provide valuable insights
into short-term (sub-millennial to millennial) temperature change and
climate feedbacks during such hyperthermals andmoreover, offer unique
opportunities to resolve the rate of warming during these events.

Here, we use branched glycerol dialkyl glycerol tetraethers (brGDGTs)
and stable carbon isotopic compositions of total organic matter (OM)
(δ13CTOC) from the varved maar lake succession of the UNESCO World
Heritage Site ‘Messel Fossil Pit’ (Germany; Fig. 1) to quantify sub-millennial
to millennial-scale mid-latitude continental mean annual air temperature
(MAT) change across the C21n-H1 hyperthermal (47.2Ma).We show that
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a pronounced rise in continental temperature also accompanies the less
pronounced Eocene CIEs recorded in the deep ocean. In addition, our data
suggest that warming was modulated by and perhaps amplified by orbital
forcing. Further, Messel proxy temperatures prior to the event match best
Eocene model simulations of the Deep-Time Model Intercomparison
Project (DeepMIP) under four-fold pre-industrial pCO2 concentrations.
The temperature rise during the hyperthermal event recorded by the
brGDGT-proxy is consistent with a pCO2 increase of less than a doubling
from background levels in the DeepMIPmodels. Moreover, carbon cycling
within the lake experienced strong alterations during the peak of the
hyperthermal. These changes were associated with a turnover in pre-
dominant algal communities probably due to changing environmental and
limnological conditions.

Results
Structure of the hyperthermal, carbon isotope pattern, and total
organic carbon (TOC) content
Based on our high-resolution δ13CTOC (Figs. 2 and 3) and biomarker-
derived temperature record, we structure hyperthermal C21n-H1 into
(1) pre-Event (ending at 47.26Ma), (2) peak-Event indicated by decreasing
δ13CTOC and warmest temperatures (47.26–47.24Ma), (3) Recovery indi-
cated by increasing δ13CTOC and cooling (47.24–47.23Ma), and (4) post-
Event (starting at 47.23Ma) intervals (Figs. 3 and 4). During the CIE, we
further detect an abrupt and rapid increase in TOC corresponding to a
decrease in δ13CTOC at 47.24Ma, collectively interpreted as a local dis-
turbance in lake carbon reservoirs during peak hyperthermal conditions
(see “Discussion”).

Throughout the hyperthermal, the δ13CTOC record varies by 10‰
ranging from−25.1‰ to−35.1‰ (Fig. 3). Pre-Event values are constant at
−29‰ (n = 4), closely clustering to themean (−28.3‰; n = 90) of the long-
term (47.9Ma to 47.3Ma) δ13CTOCMessel record prior toC21n-H1 (Fig. 2).
After a δ13CTOC increase (from ca.−29‰ to−25‰) at the transition from
the pre-Event to the peak-Event interval, δ13CTOC values gradually decrease
by 3.2‰, from−26.7‰ to−29.5‰ through the peak-Event interval. This
overall decreasing trend is punctuated by fluctuations of 1‰ to 2‰ (Fig. 3).
A rapid decrease in δ13CTOC of ~7‰ from −28.3‰ to −35.2‰ coincides

withTOCincrease to ca. 50%(Fig. 3).Within theRecovery interval, δ13CTOC

values remain low compared to the peak-Event interval, but increase by
~4‰ from−34‰ to−30‰ throughout the end of the latter. TOC values
vary by ~15% (~30–45%) during the peak-Event interval, yet exhibit high
(~40–55%) values in theRecovery interval before they decrease to ca. 40% in
the post-Event interval (Fig. 3).

Temperature evolution
Within the hyperthermal, brGDGT MATs vary between 22.5 and 28.0 °C
(calibration error: ±2.9 °C; Fig. 3 and Table 1). Pre-Event temperatures are
stable (23.8–25.2 °C;n = 2)but increaseby~2.5 °C from25.5 °C to28.0 °Cat
the beginning of the peak-Event interval at 47.25Ma. Following this first
temperature maximum, a gradual ~3 °C cooling to 25.0 °C predates a sec-
ond warming phase of 2.5 °C (from 25.0 °C to 27.5 °C) at 47.24Ma
(Figs. 3 and 4). After a rapid 3.0 °C temperature decrease (27.5–24.5 °C)
accompanying the local carbon disturbance, an overall cooling trend of
3.6 °C (from 26.2 °C to 22.6 °C), albeit with temperature fluctuations is
observed across the Recovery interval. Post-Event temperatures range
between 23.7 °C and 25.1 °C (n = 4) (Fig. 3 and Table 1).

Discussion
Age control and identification of hyperthermal event C21n-H1
Based on the gamma-ray record of the Messel drill core (FB2001), which
traces variable detrital input to the lake system due to orbitally-driven
changes in precipitation16 a recently developed astronomically tuned age
model (Fig. 2) places theMiddleMessel Formation (MMF; Fig. 1c) between
47.65Ma and 47.22Ma. Thus, the MMF covers a ~430 ka time interval,
comprising hyperthermal event C21n-H1 in the upper 12m of the cored
MMF. C21n-H1, initially documented in Pacific ODP Site 12095, was later
also identified in the Atlantic ODP Site 12636 (Fig. 2a). At Messel, the
identification of C21n-H1 between ~1m and 8m core depth of the MMF
(Supplementary Fig. 1) is based on a negative CIE in the bulkOMstarting at
47.26Ma. According to the astronomical tuning of theMessel core16, which
is independent of the global benthic δ13C stack (CENOGRID), the studied
CIE correlates with the hyperthermal detected in the benthic δ13C at
47.2Ma (Fig. 2).
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Fidelity of the brGDGT-based temperature record
Molecular organic compounds in Messel maar sediments were among the
earliest to examine deep-time paleoenvironmental conditions, particularly
due to their variety and excellent preservation17,18. Time-continuous tem-
perature reconstructions throughout the Messel core based on brGDGT
paleothermometry have, however, been lacking. While ambient tempera-
ture exerts a strong control on the distribution of brGDGTs in lakes19,20

(expressed by the MBT’5Me index, Eq. 1), other environmental parameters
such as e.g., water chemistry, oxygen availability, or vegetation could bias the
MBT’5Me–temperature relationship21–23. Through the hyperthermal section
of the core, CBT’-derived (Eq. 2) water pH estimates (Eq. 3) vary between
7.6 and 6.9 (Fig. 3) and do not correlate with temperature changes. Further,
no significant changes in vegetation composition24 or lithofacies25 (Sup-
plementary Fig. 2) have been reported during the hyperthermal event. We,
therefore, argue that the aforementioned parameters had negligible impact
on brGDGT paleothermometry that if at all, would result in a temperature
bias that is likely smaller than the calibration error. However, substantial
shifts in the microbial community due to limnological changes such as
increased overturning and/or stratification26,27 or enhanced influx of soil-
derived brGDGTs into the lake with a distinct brGDGT distribution20,28,29

could bias the recovered temperature data. Seasonal lakemixing in a tropical
EastAfrican crater lake (LakeChala) has been shown to affect the brGDGT-
producing bacterial community composition due to shallowing of the oxic-
anoxic boundary26. Such short-termmixing events, if present atMessel, are
unlikely to significantly alter theMBT’5Me–temperature relation, since each
sample analyzed integrates ≥ 25 years, based on an estimated sedimentation
rate of 0.2mmper year atMessel16.However,wedoacknowledge thatmulti-
decadal cyclicity (52 years and 82 years) has been recorded in the varved
sedimentary record of the Messel core30. Nevertheless, variable dissolved
oxygen concentrations within the water column associated with lake
overturning are suggested to have minor effects on the MBT’5Me index

31.
Lastly, we assume that the majority of the brGDGTs were produced within
the lake, although allochthonous OM has been deposited at Messel32. This

assumption is supported by (1) low scatter in IIIa/IIa ratio (Supplementary
Fig. 1), which indicates no major shifts in brGDGT sourcing, (2) high lake
productivity with bottom anoxia that may support growth of heterotrophic
brGDGT-producingbacteria33,34, and (3) a small to almost absent catchment
area that was composed only of local, lapilli tuff crater walls, therefore
limiting erosional input due to absence of riverine input35.

Temperature variability during hyperthermal event C21n-H1
Major changes in brGDGT-based temperatures during C21n-H1 correlate
with coeval shifts in ocean chemistry and the global carbon cycle, indicating
strong ocean-land connectivity through the hyperthermal. Specifically,
brGDGTtemperatures are on average~2°C (n = 14) higherwithin thepeak-
Event interval relative to average pre- and post-Event temperatures (Fig. 4h
and Table 1). Since average pre- and post-Event temperatures are equal
(24.5 °C; n = 2 and 24.4 °C; n = 4, respectively) we claim that temperatures
returned to initial (pre-Event) levels after thehyperthermal.Althoughonly a
limited number of brGDGT-based pre-Event temperatures are available
(n = 2) these estimates are only slightly higher than MATs at Messel
obtained by leaf margin analysis (21.7 ± 1.8–23.1 ± 1.9 °C) or the paleobo-
tanical coexistence approach (16.8–23.9 °C) from fossil plant material prior
to the hyperthermal36. Hence, we argue that the pre-Event temperatures
presented here reflect a plausible estimate of the background climate state at
Messel just before the onset of the hyperthermal. Relative to the average pre-
and post-Event temperatures (24.4 °C; n = 6), maximum warming across
the C21n-H1 hyperthermal is ca. 3.5 °C (Fig. 4h). Notably, the pacing of
continental hyperthermal warming from ~47.25Ma to 47.24Ma over a
duration of ~8900 years (Fig. 4c) implies an average rate of warming of
~0.4°Cper thousand years, which is approximately twoorders ofmagnitude
lower than the current rate of global warming (global continental tem-
peratures in 2011–2022 ~ 1.6 °C above 1850–1900)37. The duration of
stepwise cooling during the Recovery phase (~47.23Ma to 47.22Ma over
~9800 years; Fig. 4c) is similar to the warming. This suggests a relatively
rapid (~10 ka) removal of greenhouse gases after the hyperthermal event,

Fig. 2 | Comparison of global marine and Messel
carbon records. a Global benthic δ13C stack
(CENOGRID6) and b composite Messel δ13CTOC

record from this study and16,32 (Supplementary
Data) for the uppermost 150 m of core FB2001 (see
Fig. 1c). Black rectangle indicates hyperthermal
sequence shown in Figs. 3 and 4.
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which might be related to accelerated carbon sequestration as it has been
inferred for several early Eocene hyperthermals (e.g., event I1, H2)38. Fur-
thermore, our high-resolution temperature record reveals short-term (sub-
millennial to millennial) MAT variability of up to 3 °C and ~3 °C gradual
cooling between two warming periods within the peak-Event interval (at
47.25Ma and 47.24Ma). This gradual cooling does not correlate with sig-
nificant changes in lithofacies25, vegetation composition, input of OM24, or
lake pH (Fig. 3) and we do not find evidence for non-thermal effects on the
MAT signal39.

Increases in global temperatures during hyperthermals are generally
attributed to the large-volume release of 13C-depleted greenhouse gases into
the ocean-atmosphere system2,3. However, superimposed short-term tem-
perature fluctuations might also be directly driven by changes in orbital
parameters40. Model simulations indicate that orbital forcing could have
amplified seasonal surface air temperature increase during past greenhouse
climates40,41. We note that warming maxima in the Messel record are
separated by ~12–20 ka during the peak-Event and post-Event at
~47.25Ma, 47.24Ma, and 47.22Ma, respectively. The pacing of these
warming events corresponds to half-precession and precession cycles,
respectively, both previously reported in the Messel record16,42. Half-
precession signals (~9–12 ka) are typically most pronounced at low-
latitudes43,44, but have also been recognized in mid-latitude interglacials
(LakeOhrid, Balkan) due to an intensified lower latitudemonsoon system45.
We, therefore, hypothesize, that intensification of northward atmospheric/
oceanic transport between the tropics and Eocene mid-latitudes with the
Messel Maar lake at ca. 46–47° N46, could have facilitated warm tropical
airmasses propagating northward on half-precession timescales thereby
amplifying the warming maxima during the hyperthermal.

We note that a similar sub-orbital cyclicity has been observed in the
pollen record (Pityosporites labdacus)42. The structure of the P. labdacus
record throughout C21n-H1 is remarkably consistent with the brGDGT
MAT estimates as both warming peaks are mirrored by high P. labdacus

abundance (Supplementary Fig. 1c), hence supporting our hypothesis of
orbitally amplified maximal temperatures during C21-nH1. We are unable
to separate warming associated with the hyperthermal-induced greenhouse
forcing from half-precession forcing based on our brGDGT dataset alone.
Yet, model simulations across the PETM indicate up to ~6 °Cmean annual
surface warming in the northern hemisphere mid-latitudes under max-
imum orbital configurations compared to minimum orbital insolation40.

An Eocene maar record of global and local carbon cycle
perturbation
Comparison of the high-resolution Messel δ13CTOC record with the CEN-
OGRID marine benthic δ13C stack shows a coeval δ13CTOC decrease (from
−26.7‰ to−29.5‰) during the peak-Event (~47.26–47.24Ma), a δ13CTOC

minimum (−35.2‰) at ~47.24Ma and gradual 13C-enrichment across the
Recovery interval (~47.24–47.23Ma) (Fig. 4). Notably, δ13CTOC values as
low as−35.2‰ are not reported at any time prior the hyperthermal event
throughout the Messel core covering ~650 ka (Fig. 2), thus indicating fun-
damental changes within lake carbon reservoir during C21n-H1. The
consistent pacing and direction of change between both, global marine and
mid-latitude continental (Messel maar lake) δ13C records collectively sug-
gest a global carboncycle imprint recorded in themaar sediments.However,
since the OM in the Messel maar deposits is composed of autochthonous
and allochthonous sources32 additional site-specific factors likely played a
role4,47,48. Short-term fluctuations of the Messel δ13CTOC record (e.g., peak-
Event interval) that deviate from long-term global trends during the
hyperthermal most likely reflect changing lake conditions associated with
e.g., variable past productivity rates or changes in partitioning of the source
of OM48,49. For example, compound-specific δ13C measurements of algae
and photosynthetic bacteria from Messel maar pelites revealed compara-
tively high δ13C values (−22.5‰ and −24.5‰, respectively)17,50. Hence, a
higher contribution of algal biomass to the total OM has been inferred as
responsible for short-term carbon excursions towards more 13C-enriched
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values within the MMF32. We, therefore, propose that the rapid δ13CTOC

decrease of ~7‰ at ~47.24Ma and the subsequent recovery were at least in
part controlled by perturbations of lake internal carbon reservoirs such as
changes in primary productivity and planktonic community. The latter has
been shown to account for δ13CTOC shifts of up to 9‰ in comparable
Holocene maars (Lake Holzmaar, Germany)51. Primary productivity seems
to have been enhanced at the beginning of the peak-Event interval, as
suggested by the increasing presence of Botryococcus braunii algae (with
δ13CB.braunii of −10‰ to −23‰32,52), potentially biasing the δ13CTOC

towards less negative values and causing the ~2‰ increase in δ13CTOC at
47.26Ma (Fig. 3). B. braunii becomes less abundant during the peak-Event
interval (Fig. 4), whereas Coelastrum sp. algae (whose occurrence has been
documented to coincide with more negative δ13CTOC values53) becomes
highly abundant, at the local disturbance and during the Recovery interval
(Fig. 4)54. We, therefore, suggest that a shift in algal communities char-
acterized by different δ13C values was associated with the large magnitude
δ13CTOC decrease at 47.24Ma. This suggestion is supported by a higher
loading of phytoplankton to the sediments derived from enhanced hydro-
gen index values across the Recovery interval32. This interval also correlates
with a ~15% increase in TOC, possibly associated with a combination of
improvedOMpreservation, higherOMproduction, and/or less clastic input
from the crater rim (Figs. 3 and 4). Alternatively, hydroclimatic changes,
suggested to be regionally pronounced during Eocene warming intervals55

could have triggered lake level fluctuations and, in turn, promoted the
release of 13C-depleted gases (e.g., CH4) from buried OM56,57. However,
stable isoGDGT-0/Crenarchaeol ratios suggest that methanogenic activity
likely did not change notably during the rapid δ13CTOC decrease, even
though these values should be taken with caution considering low Cre-
narchaeol amplitudes within the MMF (Supplementary Fig. 1).

Finally, we compare brGDGT-derived continental temperatures with
Eocene surface air temperatures from climate model simulations of the
Deep-Time Model Intercomparison Project (DeepMIP58,59; Supplementary
Fig. 3) for various pCO2 concentrations. These provide constraints on (1)
the Eocene background climate state atMessel and (2) themagnitude of the
global carbon perturbation, although we acknowledge that using only one
proxy location might introduce site-specific biases. Several pCO2 scenarios
ranging from 1× to 9× pre-industrial concentrations (PI) have been simu-
lated, all using similar Eocene paleogeography and pre-industrial orbital
configuration58. However, we, note that the latter would have had higher
eccentricity during hyperthermal events compared to the pre-industrial
configuration used in the DeepMIP simulations5,40,58. Simulated tempera-
tures at Messel at 3× to 4× PI are all below the brGDGT-based Eocene pre-
and post-Event background temperatures of 24.4 °C (Fig. 5), while tem-
perature estimates from leaf margin analysis (21.7 ± 1.8–23.1 ± 1.9 °C) and
the coexistence approach (16.8–23.9 °C)46 prior the event, match the 3× to
4× simulations. Our brGDGT temperatures alone agree best with 6× PI
(1680 ppm) simulations (Fig. 5), but considering proxy uncertainties and
the spread in DeepMIP simulations due to e.g., differences in spatial
resolution58, it is also conceivable that pre- and post-Event atmospheric
pCO2 concentrations were likely around 3× to 4× PI which fits re-evaluated
stomatal proxy data fromMessel (pCO2 concentrations of ~1149 ppm

36,60)

Table 1 | Temperatures from Messel and global δ 13Cbenthic
throughout hyperthermal C21n-H1

Parameter Pre-Event Peak-Event Recovery Post-Event

MAT (°C) 23.8–25.2
(±2.9)

25.5–28.0
(±2.9)

22.5–26.2
(±2.9)

23.7–25.1
(±2.9)

avg. MAT (°C) 24.5 (n = 2) 26.4 (n = 12) 24.7 (n = 13) 24.4 (n = 4)

avg. ΔT (°C)a Reference T 2.0 0.3 Reference T

δ13Cbenthic (‰)b 0.61–0.42 0.12
to −0.11

−0.28 0.29–0.48

aΔT is normalized to average pre- and post-Event temperatures (24.4 °C).
bValues from CENOGRID6.
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and global pCO2 estimates from that period60. Next, we assess the green-
house gas contribution during the hyperthermal by evaluating temperature
rise as a function of atmospheric pCO2. Simulated temperature change to
pCO2 doubling is at least 3.9 °C (from 1× to 2× preindustrial pCO2) at
Messel and increases to amaximumof5.8 °C (CESMandGFDL for3× to6×
preindustrial pCO2; Supplementary Fig. 4), which is above the maximum
brGDGT-derived warming of 3.5 °C.We, therefore, posit that atmospheric
pCO2 increase during C21n-H1 was likely less than a doubling of the pre-
Event pCO2 levels, especially considering that orbital forcing played an
additional role in the maximum warming.

Conclusions
With a total increase in brGDGT temperatures of up to 3.5 °C, the Eocene
mid-latitude Messel maar lake provides a unique sub-millennial- to
millennial-scale continental temperature record covering a post-PETM
Eocene hyperthermal event (47.2Ma). The high-resolution brGDGT and
δ13C records reveal two warmingmaxima during the peak-Event interval of
the hyperthermal, indicating a nonlinear warming signal likely modulated
by orbital forcing. Collectively, the Messel maar biomarker data highlight
not only the magnitude of continental warming but also further emphasize
that Central European temperatures also varied significantly (up to 3 °C) on
shorter timescales (103–104 years) during this hyperthermal. The lacustrine
δ13CTOC record mirrors the global benthic δ13C stack indicating that the
maar lake was a sensitive recorder of perturbations to the global carbon
cycle. However, a rapid shift in algal communities and TOC during peak
hyperthermal conditions resulted in δ13CTOC values lower than at any time
within the ~650 ka record of the Messel maar lake. Moreover, the pCO2

increase during the hyperthermal was likely less than a doubling relative to
pre-Event levels as indicated by climate model simulations. We, therefore,
document that even moderate hyperthermals relative to the PETM, with
maximal warming of ca. 3.5 °C had a profound impact on terrestrial aquatic

ecosystems. Projected global warming due to increasing anthropogenic
greenhouse gas emissions might hence drive similar disruptions in lake
ecosystems in the near future.

Methods
Study site and FB2001 drill core
The Eocene Messel maar lake (Fig. 1), is the remnant of a volcanic eruptive
centerfilled by volcaniclastics and lacustrine sediments after an eruption, ca.
48Ma ago16. In 2001, the FB2001 drill core recovered 433m of maar sedi-
ments and the underlying volcanoclastic material from the center of the
maar lake25 (Fig. 1c). The uppermost ~94m of the core comprises the
Middle Messel Formation (MMF) and consists of a succession of finely-
laminated, high TOC (average 27%) pelites25,32. The OM in the MMF is
thermally immature32 and consists of autochthonous (aquatic macrophytes
and phytoplankton) and allochthonous (terrestrial higher plants) OM18,32.
HighTOCand laminationswithin theMMF indicate stablemeromictic lake
conditions with bottom anoxia prevailing during the accumulation of
the MMF25.

Geochemical analysis
All sample material in this study originates from sample splits of FB2001
that are part of the collections at the Senckenberg Research Institute and
Natural History Museum Frankfurt. The latter also granted access to the
samplingmaterial.Weanalyzed 41 samples from the uppermost 12mof the
cored MMF (Fig. 1c, Supplementary Methods). Samples were freeze-dried
at−56 °C for 24 h and subsequently powdered by mortar and pestle. Lipid
biomarkers were solvent-extracted from ~1 g sediment via a Soxhlet
apparatus. Total lipid extracts were separated by column chromatography
over alumina into apolar and polar fractions using hexane:dichloromethane
(9:1, v:v) and dichloromethane:methanol (1:1, v:v), respectively. The polar
fraction was dissolved in hexane:iso-propanol (99:1, v:v), filtered (0.45 µm
PTFE filter), and analyzed by high-performance liquid chromatography
atmospheric pressure chemical ionization mass spectrometry (HPLC-
APCI-MS) onaShimadzuUFLCdevice coupled to anABSciex 3200QTrap.
Polar analyteswere separated by twoUHPLCsilica columns (2.1 × 150mm,
1.7 µm;Waters) in series, connected to a 2.1 × 5mm pre-column (Waters).
Column temperature was 30 °C and flow rate was 0.2 ml ×min−1. GDGTs
were eluted isocratically using 18% B for 25min, then a linear gradient to
35% B in 35min, followed by a ramp to 100% B in 30min, where B is
hexane/isopropanol (9:1; v:v) and A is hexane. The maximum obtained
system pressure during analysis was 230 bar. Target molecules were mea-
sured in selected ion monitoring mode. Chromatographic peak areas were
integrated manually using the Sciex Analyst software (Supplemen-
tary Fig. 5).

The carbon isotope composition of bulk OM (δ13CTOC) and TOC
(weight %) was measured on powdered samples using a Flash EA 1112
(Thermo Finnigan) coupled with a MAT 253 (Thermo Finnigan) at the
Goethe University-Senckenberg BiK-F Joint Stable Isotope Facility,
Frankfurt. Prior to the analysis, sample powders were reacted with 10%
hydrochloric acid for 24 h at 70 °C in order to remove the carbonate
component, then neutralized with ultra-pure water and dried for 3 days at
50 °C. Reference materials, USGS 24 and IAEH-CH 7 were measured on a
daily basis and reference measurements resulted in a standard deviation
between replicate measurements of <0.2‰ for δ13CTOC values. TOC con-
centrations were quantified by comparison of the signal size between
samples and the standards with known carbon content. An error was
typicallywithin 0.5%.TOCvalueswerenot additionally corrected forweight
loss during decalcification. However, the inorganic carbon content across
the core section analyzed here was reported to be <1.6%32. Given the rather
homogeneous carbonate content in the samples, we assume that potential
uncertainty based on the absence of such a weight-loss correction is ≤1.6%.

brGDGT indices and temperature reconstruction
In order to quantify paleo-temperatures and water pH we calculated the
Methylation of Branched Tetraether (MBT’5Me) and the Cyclisation of
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represents different models. Average pre-/post hyperthermal and hyperthermal
peak-event temperature is indicated by horizontal dashed lines. Temperature
simulations are derived from the Deep-Time Model Intercomparison Project
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For details on model configurations see ref. 58.
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Branched Tetraether (CBT’) indices61:

MBT’5Me ¼ ðIaþ Ibþ IcÞ=ðIaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIaÞ ð1Þ

CBT’ ¼ 10log½ðIcþ IIa’þ IIb’þ IIc’þ IIIa’þ IIIb’þ IIIc’Þ=ðIaþ IIaþ IIIaÞ�
ð2Þ

Roman numerals correspond tomolecular brGDGT structures shown
in Supplementary Fig. 6. The fractional abundance of branched- and
isoprenoidal-GDGTs is shown in Supplementary Fig. 7. The MBT’5Me is
translated intoMATs using the BayMBT calibration (RMSE = 2.9 °C)20.We
applied this model due to (i) consideration of the improved chromato-
graphic separation62 (MBT’5Me) relative to older calibrations63, (ii) appro-
priate upper calibration limit of the BayMBT model (28.1 °C) while other
calibrations provide temperature estimates that are off the limit when
applied to Messel samples19,63, (iii) stronger correlation statistics of the
MBT’5Me relative toMBT’6Me

64 in the original BayMBTmodel study20, and
(iv) the use of an extended data set (n = 272) for constraining the BayMBT
approach20 (for details see Supplementary Discussion). We set the prior
mean value in the BayMBT model to 18 °C based on previous MAAT
reconstruction for the Eocene Messel site65. The prior standard deviation
was 15 °C. Analytical reproducibility of theMBT’5Me indexwas determined
by running an in-house standard (n = 5) every six samples, resulting in an
overall rangeof 0.011 forMBT’5Mewhichwould translate intoa temperature
error of ≤0.3 °C, negligible relative to the calibration error of the BayMBT
model (RMSE: ±2.9 °C).

Lake water pH was calculated based on the CBT’ index19:

pH ¼ 8:95þ 2:65 *CBT’ ðr2 ¼ 0:57;RMSE ¼ 0:8Þ ð3Þ

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data presented in this study are available on PANGAEA. The DeepMIP
Eocene climate model outputs are available by the following instructions at
https://www.deepmip.org/data-eocene/.
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