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Supplementary discussion

Lithostratigraphy of M51/3-SL104 core

The studied sediment core M51/3-SL104 was collected from the Eastern Mediterranean during the RV
METEOR M51-3 expedition cruise from La Valetta to Istanbul. The core was obtained from the south-east
of Crete in the north-western Levantine Sea (location 34.8247°N, 27.2925°E) at a water depth of 2155 m
from a part of the Pliny Trench. Sapropel S5 from sediment core M51/3-SL104 is selected from a suite of
cores (M40/4-SL67, -KL51; M51/3-SL103, -SL104) all taken from a spot within ~2.5 km on a plateau from
the Pliny Trench. The individual ~90 and 85 cm thick sapropels S5 are well correlatable on the basis of
internal sedimentary structures, such as layering and lamination, color, element geochemistry, and fossil
content®. Moreover, a faint ash layer is found at ~4 cm sapropel depth in all 4 cores®. Here, we focus our
investigation on gravity core M51/3-SL104, where in addition to XRF-element scanning (0.2 mm-spacing)
and planktonic foraminiferal counts (continuous 3 mm-spacing), continuous, resin-impregnated thins

section have been prepared and quantitatively described?®®.

The sapropel S5 horizon in the investigated core is dark in colour and it can be clearly separated from the
surrounding bright marls (Supplementary Fig. 1). The sapropel spans around 86.8 cm ranging from 359.5-
446.3 cm. The sapropel is characterized by a complex lithostratigraphic structure, where a macroscopic
layering of alternating mm- to cm-scale darker and brighter beds are visible (first-order lamination).
Following the microscopic investigations, the different character of lamination of sapropelic sediment can
be divided into (1) a basal, darker-colored section (the lower 9 cm), where for instance the bright-coloured
siliceous-rich material is dissolved and (2) an upper, more diatomic regime consisting of dark/bright
couplets, representing unbioturbated strictly autochthonous sediment layering. Presumably, it is this
extraordinary preservation of silica that is responsible for the thickness of our S5 sapropel, when compared

to typical eastern Mediterranean sapropels of 20-40 cm thickness.
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Supplementary Figure 1. Tie-points for adjustment of sampled LL-channels to original depth presented
by Moller et al.® Due to highly porous nature of the studied sapropel, it expanded a few cm over the years.
Here we address this by correlating clearly distinctive layers to adjust expanded sapropel to original depth.

Left are line scans of the sampled LL-channels, where right is the initial line scan of the core (Moller, 2012).
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The first 3 cm at the onset of the sapropel S5 from M51/3-SL104 core is marked by a stepwise change of
colour from a grayish yellow, over dark greenish-gray to olive-gray. The following ~6 cm are built up by
alternation of darker (olive-gray to greenish-black) and brighter layers (light olive-gray), ranging between
~5 to 15 mm. In this part, a shift into a diatomic regime at ~9 cm after sapropel onset can be observed.
From this point, the coupling of alternating of dark and bright sub-mm lamination (second-order
lamination) is indicative of annual layers (varves)®°. One year consists of one bright, almost monospecific
lamina and one dark lamina with a more mixed species assemblage®. Varve counting was performed by
Moller? on prepared thin-sections, which were photographed with transmitted light and stitched together
to provide a continuous record of the entire S5 sapropel. In total, 2889 laminae couplets consisted of one

bright and one dark lamina were counted above ~9cm after sapropel onset.

Since the studied sapropel is highly porous due to the abundance of diatomic frustules, it expanded extend
up to a few cm during sample handling and storage. Consequently, although we worked on the same
sapropel as Moller®, around ~1.8 cm expansion in length for the studied sediment core was observed. This
was taken into account by correlating 10 clearly visible layers (Supplementary Fig. 1). The recognition of
these main marker layers allowed to synchronize the depth and age model with results from previous

studies using a linear interpolation between the marker layers.

Reliability of MSI-obtained alkenone-based SST

MSI of sediments is a novel technique in paleoclimate research that provides the possibility to explore
molecular proxies with pm-resolution!®*2, Consequently, obtaining alkenone data with this technique
paves the way to explore SST reconstructions with unprecedented temporal resolution. Alkenone-based
SST reconstruction has a long tradition in paleoclimate research and represents one of its most reliable
tools**14 However, most of the alkenone-based SST records are generated in cm-scale resolution (i.e.
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multidecadal to multicentennial resolution); thus, the application of this proxy to the reconstruction of

sub-decadal to seasonal oscillations is a thrilling challenge.

An evaluation of the suitability of MSI for alkenone-based SST reconstruction was recently performed on
varved sediments of the Santa Barbara Basin'® where they were compared to both conventional molecular
proxy analysis and instrumental data. MSI reliably reproduced the instrumental SST time-series for the
investigated period. However, on the subannual level reconstructed SST produced a smaller amplitude
(12-16°C) compared to actual subannual variability (10-20°C). Considering that in our study the 200 um
resolution in the varved part of sapropel S5 provides rather annual resolution (average varve thickness
~250 um), we argue that the potential influence of seasonality does not have a great effect on our time-
series, particularly that our conclusions are based on the trends from time intervals >30 years. In order to
test robustness of the MSI in our study the results were compared to conventional molecular proxy
analysis. On a rather coarse resolution, the conventional and the MSI approach showed high consistency

in reconstructed SST (Extended Data 3 and 4).

It is also important to consider that alkenone-derived SST reconstructions may be amplified by a
physiological response of marine haptophytes to nutrient availability in the surface water. Both culture!®?’
and proxy studies®™ demonstrated positive dependence of the alkenone saturation index to nutrient
availability, albeit in a much lesser extent than to SST. Considering that the nutrient enhancement during
sapropel formation is related to a significant increase in river run-off, we presume that only SST
reconstruction close to the transition from surrounding marl to sapropel is potentially severely influenced
by nutrient availability (i.e. the transition from oligotrophic to eutrophic conditions). Since the nutrient

flux was rather high but steady during the rest of sapropel S5 deposition, we argue that nutrient

concentrations hardly influenced the alkenone-based SST estimates in this part of our record.



Chronological constraints

The timing of the Neogene sapropel deposition in the Mediterranean is related to water column
stratification and the consequent establishment of anoxic conditions. This is controlled by precession-
obliquity interference that triggers the formation of sapropels due to freshwater input through the African
summer monsoon variability, where particularly the precession minima controls northwards migration of
the monsoon rain belt over North Africa’® %, Consequently, sapropels are used as reliable tie-points in
long-term astronomically calibrated timescales for the establishment of robust age models*®?!. However,
establishing precise constraints on the absolute time and duration of sapropel deposition beyond the
Holocene is challenging due to limitations in dating of marine sediments and the scarcity of datable

volcanic ash layers®.

This is the case with sapropel S5, where precise direct dating of the sapropel is infeasible. Great progress
in improving the absolute chronology of sapropels from the last interglacial-glacial cycle (including
sapropel S5) was accomplished by Grant et al.’”. In their study, they build an age model for the Eastern
Mediterranean by correlating high-resolution planktonic foraminiferal 80 from core LC21 with the U-Th
dated Soreq Cave speleothem &80 record’. This correlation allowed for the transfer of precisely dated U-
Th dated speleothem chronology to core LC21, leading to the establishment of two reliable tie-points for
the formation of sapropel S5 at major transitions in 680 at onset and end of the sapropel formation. Since
the Eastern Mediterranean sapropels can be inter-correlated??, this allowed for the establishment of
reliable absolute chronology of the Last Interglacial Eastern Mediterranean sapropel formation. It is
important to note that sapropels deposition should not be strictly synchronous, as their exact timing and
duration is related to a number of factors, such as their location in the ocean, local sea level and
atmospheric temperature variability®. Nevertheless, above explained approach constrained the age for the
deposition of sapropel between 121.5-128.3 thousands of years BP (ka)”?3. This approach presents a great

improvement for the establishment of the sapropel formation on the absolute time scale, however, very
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precise constraints of the exact duration of sapropel deposition and short-scale changes in sedimentation
rates are still unrevealed due to still existing dating uncertainties. For example, 2o dating uncertainties of
approach from Grant et al.” are in the range of +~2 ka from each tie-point, allowing for the large deviation

in restraining the duration of sapropel deposition.

Another approach in constraining precise age models is annual layers (varve) counting, when applicable.
Although not very useful in establishing an absolute chronology, annual layers counting is a powerful
approach for the establishment of precise chronology on a relative time-scale and obtaining the
information on short-scale sedimentation rates. Here studied M51/3-SL104 core is varved throughout the
major part of the sapropel. An age model for this core was introduced by Moller?, and it is based on
microscopic varve counting and correlation to other sapropels. In short, M51/3-SL104 core was compared
against ODP 971A core, as the master core for sapropel S5 stratigraphic correlation??. Assuming for similar
and continuous accumulation rates of the non-varved part of M51/3-SL104 and comparing it with the
corresponding interval of ODP 971A core, it was concluded that lowermost non-varved part of M51/3-
SL104 sapropel with a thickness of 9 cm already envelopes ~39% of sapropel deposition duration. The
varved (diatomaceous) interval of SL104 sapropel consists of 2889 counted varves?, depicting the
remaining 61% of the total duration. With such temporal constrains, this age model provides an overall

age of 4736 years of sapropel formation duration.

The total duration of ~4.8 ka is well comparable with existing results from the literature, although it marks
the lower end of published S5 durations”?*and it is ~2 ka shorter than duration proposed by Grant et al.”?3,
albeit it is within existing dating uncertainties. We can confidently assume that alternations of bright late
spring to late summer lamination with mat-forming diatoms and dark colder season lamination form an
annual layer; however, assuming that they are not always regular cannot be ruled out. To test whether
the potentially lacking varves on the regular basis would significantly influence the conclusions for this

study, we constructed the age model that assumes irregularity of varve deposition by 25% (i.e. assume
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that each fourth year is missing) to more closely resemble the duration proposed by Grant et al.”?* and
perform the same rate of decadal SST change and centennial SST change analyses (Supplementary Fig. 2).
The results obtained on this alternative approach show fairly comparable amplitude in both decadal and
centennial changes when compared to the data on the age model used in our study and consequently
support main the conclusions of our study. However, there are no obvious indications that varves
deposition is irregular and it is unlikely that there are numerous intervals characterized by large gaps in
the varved formations. The only exceptions are three unusually thick laminae of 3-5 mm at the depth
between 413-414 cm (coupled dark and bright laminae) and at 433 cm (dark lamina) depth that were
related to the duration of one year in existing age model?>. Despite a potential error, a possible
interpolation was abandoned since it is not possible to rule out the possibility of the formation of such an
extremely thick lamina during one year. Albeit we suggest interpreting results from those intervals with
care, they do not affect the conclusion of this study. Nevertheless, we indicate that the major uncertainty
remains in the non-varved part and that results from that part could be strongly dependent on age models

applied.
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Supplementary Figure 2. Last Interglacial Mediterranean SST on alternative age model, their decadal SST
rate of change and centennial SST trends. Same as Fig. 4 in the main manuscript, just with the age model

constructed to account for absolute timing indicated by Grant et al.’



Supplementary Table 1. CMIP5 and CMIP 6 model simulations used in this study. The set of 31 coupled
atmosphere-ocean model runs from the CMIP5 was analysed using the SST fields of the historical
simulations covering 1850-2005 AD and the future projections under the RCP4.5 emissions scenario
covering 2006-2099 AD. We also analysed the set of 22 model runs from the CMIP6 using the SST fields of

the historical simulations covering 1850—-2014 AD and the future projections under the SSP-245 and SSP-

585 emissions scenarios covering 2015-2099 AD.

CMIP5 CMIP6
1 ACCESS1-0 ACCESS-CM2
2 ACCESS1-3 ACCESS-ESM1-5
3 bcc-csm1-1 AWI-CM-1-1-MR
4 bcc-csmi1-1-m BCC-CSM2-MR
5 BNU-ESM CAMS-CSM1-0
6 CanESM2 CanESM5
7 CCsM4 CESM2
8 CESM1-BGC CIESM
9 CESM1-CAM5 CMCC-ESM2
10 CMCC-CM EC-Earth3
11 CMCC-CMS FGOALS-g3
12 CNRM-CM5 FIO-ESM-2-0
13 CSIRO-Mk3-6-0 [ITM-ESM
14 FGOALS-g2 INM-CM5-0
15 FIO-ESM IPSL-CM6A-LR
16 GISS-E2-H KIOST-ESM
17 GISS-E2-H-CC MIROC6
18 GISS-E2-R MPI-ESM1-2-HR
19 GISS-E2-R-CC MPI-ESM1-2-LR
20 inmcm4 MRI-ESM2-0
21 IPSL-CM5A-LR NESM3
22 IPSL-CM5A-MR TaiESM1
23 IPSL-CM5B-LR
24 NorESM1-M
25 NorESM1-ME
26 MIROC5
27 MIROC-ESM
28 | MIROC-ESM-CHEM
29 MPI-ESM-LR
30 MPI-ESM-MR
31 MRI-CGCM3
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