Supplementary Figures

Supplementary Figure 1: The eastern Mediterranean Sea. Colours indicate subbasins of the eastern Mediterranean Sea (EMS) with names given in
the plot. Contour lines indicate the early Holocene bathymetry. Boxes indicate
averaging areas used in other figures.
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Supplementary Figure 2: Modelled apparent water age averaged over
the Levantine Sea. Hovmöller diagram of the apparent water age (AM ) for the
Baseline experiment (same for 3xNutri experiment) (a), Nile experiment (b), and
IniGlac experiment (same for IniGlac+3xNutri) (c). Averaging area as indicated
by the box in the Levantine Sea in Supplementary Figure 1.
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Supplementary Figure 3: Near surface circulation and mixed layer
depth in March. Circulation in the Baseline experiment (same for 3xNutri experiment) (a), Nile experiment (b), and IniGlac experiment (same for
IniGlac+3xNutri experiment) (c). Vectors represent both the direction and speed
[m s−1 ] of the annual mean circulation at 25 m depth. Mixed layer depth diagnosed in the model at the depth where the potential density is 0.125 kg m−3 larger
than at the surface. Results are averaged between the simulation years 3,001 and
3,100.
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Supplementary Figure 4: Annual mean water transport rate. Hovmöller
diagrams of the transport profile at 38.82◦ N between Italy and Greece for the
entire simulation period smoothed with a 20-year running average (left column),
and unsmoothed annual mean values for the last 100 years of simulation (right
column) for the Baseline experiment (same for 3xNutri experiment) (a,b), Nile
experiment (c,d) and IniGlac experiment (same for IniGlac+3xNutri experiment)
(e,f). The maximum depth of the transect is given by the maximum depth at
2,370 m in this location.
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Supplementary Figure 5: Annual mean oxygen concentration averaged
over the Levantine Sea. Time series of the oxygen concentration in 1,800 m
(solid line) and 2,920 m (dashed line) (a). Hovmöller diagrams of the oxygen
concentration for the Baseline experiment (b), 3xNutri experiment (c), Nile experiment (d), IniGlac experiment (e), and IniGlac+3xNutri experiment (f). Note
the nonlinear colour scale. Extent of the Levantine Sea averaging area is given in
Supplementary Figure 1.
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Supplementary Figure 6: Sediment particulate organic carbon burial
flux versus modelled burial flux. 100-year mean values of the particulate
organic carbon (POC) burial flux of the Baseline experiment (years 4,001-4,100)
(a), 3xNutri experiment (years 2,001-2,100) (b), Nile experiment (years 3,0013,100) (c), IniGlac experiment (years 4,001-4,100) (d), IniGlac+3xNutri experiment (years 2,801-2,900) (e), IniGlac+3xNutri experiment (years 4,001-4,100) (f).
Points represent the averaged observed flux of the sediment cores versus modelled fluxes averaged in a 3x3 gridbox window around the core location for those
grid boxes with a model depth within ±200 m of the model depth at the core
location. Black horizontal lines represent the maximum temporal variation of the
observations for the pre-sapropel period (10.5-11.5 kyr ago) (a-e), and the sapropel period (6.5-9.5 kyr ago) (f), unless not otherwise given in the corresponding
sediment core data source (see Supplementary Note 2 for more details). The black
vertical lines show the maximum small-scale spatial variation of the modelled values within the 3x3 gridbox window and within ±200 m of the model depth at the
core location. Colours indicate the water depth of the model gridbox at the core
locations: green < 1,000 m, 1,000 m ≤ red < 2,000 m, 2,000 m ≤ blue < 3,000
m, black ≥ 3,000 m. Geographic position of sediment core labels is given in the
main text (main text Fig. 4). Note the nonlinear axes scales. Sediment core data,
sorted after label number, for the pre-sapropel time slice were derived from sites:
Geo-Tü SL114(ref. 1) ; Geo-Tü SL119(ref. 2) ; Geo-Tü SL148, Geo-Tü SL112, GeoTü SL123(ref. 3) ; M40/4 SL71(ref. 4, 5) ; MD84-641(ref. 6) ; ODP site 160-964A(ref. 7) .
Sediment core data, sorted after label number, for the sapropel time slice were
derived from sites: Geo-Tü SL148, Geo-Tü SL112, Geo-Tü SL123(ref. 3) ; Geo-Tü
SL114(ref. 1) ; Geo-Tü SL119(ref. 2) ; BC19, SL114(ref. 8) ; M40/4 SL71, M51/3 569,
M51/3 563, M51/3 562(ref. 4, 5) ; SL60, MD90-917(ref. 9) ; ODP site 160-964A(ref. 7) ;
MD84-641(ref. 6) .
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Supplementary Figure 7: Maps of the change in sea surface salinity. Change in the sea surface salinity of the IniGlac -2 experiment (a) and the
IniGlac -6 experiment (b), each relative to the IniGlac experiment. Annual average between the simulation years 4,001-4,100 (a) and years 4,201-4,300 (b). See
Supplementary Note 3 for more details on these experiments.
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Supplementary Figure 8: Hovmöller diagrams of the change in AM , the
ventilation-stagnation interface, and the depth interface between the
well-ventilated upper ocean and the partially ventilated ocean. Change
of the AM relative to the IniGlac experiment for the IniGlac -2 experiment (a) and
the IniGlac -6 experiment (b), each averaged over the Ionian Sea. The dashed lines
mark the depth interface between the well-ventilated upper ocean and the partially
ventilated ocean (WPI), the solid lines mark the depth of the ventilation-stagnation
interface (VSI) (see Supplementary Note 3 for definitions). The green lines show
results of the VSI and WPI of the IniGlac experiment (a,b), the black lines for the
IniGlac -2 experiment (a) and the IniGlac -6 experiment (b). Note the different
x-axis scales and that the green lines are invisible when they are perfectly overlain
by the black lines. The Ionian Sea averaging area is given in Supplementary Figure
1. See Supplementary Note 3 for more details on these experiments.
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Supplementary Figure 9: Annual mean POC flux. Time series of POC
flux smoothed with a 20-year running mean with solid lines showing the POC
export production at the base of the euphotic zone (POC flux at 124 m depth)
and dashed line showing the POC flux at 1,841 m depth (a). Maps of POC export
production at 124 m depth for the IniGlac+3xNutri 29Lev experiment (b), and
the IniGlac+3xNutri 29Lev wefcal=50m/d experiment (c), each averaged between
the simulation years 901 and 1,000. See Supplementary Note 4 for more details on
these experiments.
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Supplementary Figure 10: Time evolution of the annual mean deepwater oxygen concentration. Oxygen concentration averaged over the Ionian
Sea (a) and the Levantine Sea (b) at 2,416 m depth. Averaging areas as indicated
by the respective boxes in Supplementary Figure 1. See Supplementary Note 4 for
more details on these experiments.
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Supplementary Figure
11:
Change in oxygen concentration.
Hovmöller diagram of the change in oxygen concentration of
the IniGlac+3xNutri 29Lev wfecal=50m/d experiment relative to the
IniGlac+3xNutri 29Lev experiment averaged over the Ionian Sea (a) and
the Levantine Sea (b). Note that only the results between 0.4 and 1 kyr of
simulation are illustrated. Averaging areas as indicated by the respective boxes
in Supplementary Figure 1. See Supplementary Note 4 for more details on these
experiments.
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Supplementary Figure 12: Sediment POC burial flux. 100-year mean values averaged over the years 901-1,000 for the IniGlac+3xNutri 29Lev experiment
(a) and the IniGlac+3xNutri 29Lev wfecal=50m/d experiment (b). Model results
are overlain with POC burial fluxes inferred from sediment cores, where mean
fluxes (squares) and maximum/minimum values (upward/downward pointing triangles) represent the pre-sapropel period between 10.5 and 11.5 kyr ago, unless
not otherwise given in the corresponding sediment core data source (see Supplementary Note 2 for more details). The black line marks the 1,500 m contour line.
References of sediment cores given in Supplementary Figure 6. See Supplementary
Note 4 for more details on these experiments.
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Supplementary Figure 13: Climatic proxy records for sapropel events
S1 and S3 through S10. Sapropel events: S1 (a), S3 (b), S4 (c), S5 (d), S6
(e), S7 (f), S8 (g), S9 (h), S10 (i). Rectangles show sapropel ages (cyan(ref. 10) ),
(green dotted(ref. 11) ) and precursory (yellow dotted (b,c)(ref. 11) ). Green vertical
lines show sapropel midpoint ages for S9 (h) and S10 (i)(ref. 11) . For the relative
sea level (RSL) the 95 % probability interval (light grey) and the interval of the
95 % probability maximum of the RSL (dark grey) are shown(ref. 12) . For the last
glacial-interglacial transition (a) RSL probabilities with 99 % confidence interval
(light black) and 67 % confidence interval (black) are shown(ref. 13) . Red lines
show composite atmospheric pCO2 records(ref. 14) . For the last glacial-interglacial
0
transition (a) sea surface temperature (SST) reconstructions based on Uk37 (light
blue triangles) and TEX86 (dark blue crosses) records from the eastern Levantine
Sea are shown(ref. 15) . See Supplementary Note 5 for more details.
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Supplementary Tables
Supplementary Table 1: Prescribed river input rates. River run-off [m3
s−1 ], dissolved phosphate and dissolved nitrate [mol s−1 ] input rates. EMSRIV:
River input rates of all rivers draining into the EMS. NILERIV: Nile river input
rates.
Experiment
Baseline
3xNutri
Nile
IniGlac
IniGlac+3xNutri

EMSRVI NILERIV
river run-off
9518
5358
9518
5358
18518
14358
9518
5358
9518
5358

EMSRVI
NILERIV
total dissolved phosphate
33.3
16.9
99.8
50.7
61.7
45.2
33.3
16.9
99.8
50.7
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EMSRVI NILERIV
dissolved nitrate
510.1
141.5
1530.3
424.5
747.7
379
510.1
141.5
1530.3
424.5

Supplementary Table 2: Initial conditions of physical and biogeochemical tracers. Subbasins: Atlantic Ocean (ATL), EMS, Western Mediterranean
Sea (WMS), Mediterranean Sea (MS).
Tracer
Salinity
Temperature
Dissolved phosphate
Dissolved phosphate
Dissolved nitrate
Dissolved oxygen
Dissolved silica
Dissolved inorganic carbon
Alkalinity
Dissolved organic carbon
Refractory dissolved organic carbon
Iron
Phytoplankton
Zooplankton
POC (dead phyto- and zooplankton)
POC (zooplankton fecal pellets)
Calcium carbonate
Opal-shells
Dust
Sediment POC
Sediment calcium carbonate
Sediment opal-shells
Sediment clay
Sediment sand

Initial value
38
20
0.35
0.2
7
185
8
2270
2370
10−4
8.2·10−7
0.6·10−3
1·10−5
1·10−5
1·10−8
1·10−8
1·10−2
1·10−2
1
122·103
1·10−2
1·10−2
0
2570·106
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Region
MS, ATL
MS, ATL
ATL, WMS
EMS
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL
MS, ATL

Unit
psu
◦C
mmol P m−3
mmol P m−3
mmol N m−3
mmol O m−3
mmol Si m−3
mmol C m−3
mmol eq m−3
mmol C m−3
mmol P m−3
mmol F e m−3
mmol P m−3
mmol P m−3
mmol P m−3
mmol P m−3
mmol C m−3
mmol Si m−3
mg m−3
mmol C m−3
mmol C m−3
mmol Si m−3
mg m−3
mg m−3

Supplementary Note 1: The circulation of the
EMS
The main near-surface circulation features of all model experiments are similar to patterns observed today16 . Intermediate water forms today in the
cyclonic Rhodes gyre in the northern Levantine Sea16–18 (subregions of the
EMS are shown in Supplementary Figure 1). In all early Holocene experiments, intermediate water formation is shifted into the northern Aegean Sea
as indicated by the mixed-layer pattern of intermediate depths (Supplementary Fig. 3). This is because the missing, relatively fresh Black Sea inflow
(the connection between the Black Sea and the Mediterranean Sea is closed in
our experimental setup, (see main text, Methods)) leads to an accumulation
of highly saline water in the northern Aegean Sea. This dense, saline water
flows along the Greek coast towards the Adriatic Sea, where it entrains less
dense waters of the northern Ionian Sea, and thus appears as a mixed-layer
pattern in Supplementary Figure 3. In the Adriatic Sea, the model simulates
the formation of dense Adriatic deep water during winter. This newly formed
water flows along the western boundary into the Ionian Sea and, if it is dense
enough, forms eastern Mediterranean deep water (EMDW).
Supplementary Figure 4 illustrates the transport profile at 38.8◦ N between Italy and Greece as computed from the annual mean meridional overturning stream function, integrated across the Adriatic and northern Ionian
Sea. Over the course of the simulations, the Baseline experiment shows high
transport rates down to the sea floor with the frequency of these events following the occurrence of cold winters in the 100-year repeating atmospheric
forcing cycle. Both the Nile and IniGlac experiment show an initial strong reduction and subsequent gradually increasing depth penetration of the dense
water formed in the Adriatic Sea. The penetration depth of the dense water formed in the Adriatic Sea is controlled by the strength of the density
stratification in the northern Ionian Sea, which is more strongly developed
in the IniGlac than in the Nile experiment. Therefore, dense-water transport
is simulated at greater depth in the Nile than in the IniGlac simulation.

Supplementary Note 2: Sediment POC burial
In the main text, we show maps comparing POC burial flux observations
with simulated POC burial fluxes for the pre-sapropel and sapropel period
(main text Fig. 4). For a more detailed comparison, Supplementary Figure
6 displays a scatter plot of the simulated POC sediment burial fluxes vs. the
observed burial fluxes. As outlined in the main text, for the pre-sapropel
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period, the Baseline experiment is in reasonable agreement with observations. In contrast, the Nile, 3xNutri, and IniGlac+3xNutri (pre-sapropel)
experiments deviate from reconstructed fluxes in their mean fluxes, particularly above 2000 m. The IniGlac experiment agrees best with observations of the pre-sapropel period. Deep-water anoxia is only simulated in the
IniGlac+3xNutri experiment, hence only this experiment can be compared
with observational records of the S1 period. More details on regional patterns of the POC burial flux are given in Grimm18 .
For the sediment core observations, the conversion from concentrations
to fluxes requires knowledge of the sedimentation rates and dry bulk density, which is not yet widely available for cores covering the pre-sapropel
period. This explains why we have only few samples for comparison of the
pre-sapropel period. For the sapropel period, we have a rather good spatial
coverage of sediment POC burial fluxes.
For the sediment cores, for which the POC burial flux was not provided by
the authors of the dataset, and no dry bulk density was available, we used for
the pre-sapropel interval a mean dry bulk density of 1 g cm−3 (Supplementary
Fig. 6a-e, core labels 1, 2, 6, 7), and for the sapropel interval 0.7 g cm−3
(Supplementary Fig. 6f, core labels 4, 5, 8, 9, 10, 11, 15). These dry bulk
density values were derived from the mean dry bulk densities of the other
cores for the corresponding time-slice intervals. For those cores, for which no
age model exists, we used for the sapropel period the depth interval as given
in the corresponding sediment cores references in Supplementary Figure 6f
(core labels 8, 9, 10, 11, 14). For the pre-sapropel period (Supplementary
Fig. 6a-e) we used the depth levels a few cm below the sapropel; for core
label 6: 22-23 cm, and for core label 8: 84 cm.

Supplementary Note 3: Sensitivity of the IniGlac
deep-water stagnation to cold events
The last glacial-interglacial transition since the Heinrich event 1 (H1, 18-15.5
ka)19 is characterized by short-term climate fluctuations such as the BøllingAllerød20 , the Younger Dryas (12.8 to 11.6 kyr ago)21 or a cold event centred
around 8.2 kyr ago22 . While the climate of the northern borderlands of the
EMS during the Bølling-Alllerød was similar to the climate during the early
Holocene, the Younger Dryas was characterized by an abrupt change to cold
and dry conditions20 . The cold event centred around 8.2 kyr ago has been
shown to have interrupted S1 deposition22, 23 . Modelling results show that the
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S1 interruption around 8.2 kyr ago resulted from enhanced deep-water formation in the Adriatic Sea, and its subsequent spreading into the main EMS
basin24 . This is also confirmed by our compilation of foraminiferal δ 13 C proxy
records, which shows partial renewal of deep water for the 8.2 kyr cold event.
In addition, our foraminiferal δ 13 C proxy records suggest partial renewal
of deep-water during the Younger Dryas (see main text Fig. 5). During the
Younger Dryas the average annual temperature in the Aegean region was 6◦ C
cooler than in the preceding Bølling-Allerød intervall20 , with the mean temperature anomaly of the coldest month ranging as low as -8◦ C to -10◦ C(ref. 25) .
In addition, the annual precipitation in the Aegean region decreased by 300
mm(ref. 20) , reflecting more arid conditions during the Younger Dryas compared to the Bølling-Alllerød. The temperature change in the Adriatic Sea,
in the central Mediterranean region around Italy, and in western Greece was
not as strong as in the Aegean region for the time of the Younger Dryas (see
citations in Kotthoff et al.20 ).
Here, we assess the sensitivity of the IniGlac experiment towards changes
in the surface buoyance loss, and quantify the imprint of the Younger Dryas
on the IniGlac experiment. We choose to start these sensitivity experiments
after 3.5 kyr of simulation of the IniGlac experiment because this point in
time reflects the onset of the Younger Dryas, given that the stagnation was
initiated at ∼16 kyr ago. In the Adriatic Sea, the Aegean Sea, and the
Gulf of Lions we impose an additional 2◦ C cooling (IniGlac -2 experiment)
and 6◦ C cooling (IniGlac -6 experiment) on the 2 m air temperature and
dew point temperature of the 100-year daily atmospheric forcing fields (see
main text Methods), and force the model with this “new” forcing in a loop.
In order to reduce the computational burden, the biogeochemistry was not
included in these experiments. As in the IniGlac experiment, the inflow of
the Atlantic hydrographic properties resembles the early Holocene conditions.
The IniGlac -2 experiment was run for 600 years, and the IniGlac -6 was run
for 800 years. Only the IniGlac -6 experiment is within the range of climatic
changes that can be expected for the Younger Dryas, while the IniGlac -2
experiment might be too warm.
Based on the analyses of oxygen concentration in the Ionian Sea in the
IniGlac experiment (see main text Fig. 2), we use the apparent water age
deviation (AD ) (see main text Methods) AD =80 % averaged over the Ionian
Sea as the depth of the WPI, which marks the interface depth between the
well-ventilated upper ocean and the partially-ventilated intermediate water
masses. As in our main experiments, we use AD =30 % for the depth of the
VSI, below which changes in water properties are limited to cross-isopycnal
diffusion. The depth range between AD 30 % and 80 % shows the layer
of partial reventilation. Within the partially ventilated ocean layer water
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properties such as AM or the oxygen content are a mixture of older previous
stagnant and freshly formed deep or intermediate water mass properties.
In both sensitivity experiments, enhanced mixing and formation of dense
water is simulated in the Adriatic Sea and the Aegean Sea. As in the IniGlac
experiment, by far the largest part of the dense water spreading into the
EMS is formed in the Adriatic Sea (Supplementary Fig. 3), and from there
spreads into the Ionian and subsequently into the Levantine Sea (main text
Fig. 1, Supplementary Fig. 2). Thus, the changes in the Ionian Sea are more
strongly developed than in the Levantine Sea, hence we focus our analysis
on the Ionian Sea.
In both experiments, the additional cooling applied in the northern regions reduces the net evaporation, which results in a basin-wide freshening
of the surface ocean in the EMS (Supplementary Fig. 7). A general cooling
applied over the entire EMS would further reduce the net evaporation in the
EMS compared to the sensitivity experiments, and thus would more strongly
decrease the surface salinity in the whole basin. This then would counteract
the effect of lower temperatures on density, and thus would lead to a reduced
density increase of newly formed water in the Adriatic Sea. However, the climate of the Younger Dryas was more arid than the preceding Bølling-Allerød,
which possibly increased the surface ocean salinity, and thus to some extent
compensated for the enhanced freshening due to the reduced evaporation as
simulated in our sensitivity experiments.
In the IniGlac -2 experiment, the extended period of mixing and densewater formation and its subsequent spreading into the EMS is reflected by the
decreasing AM between ∼700 and 1,400 m relative to the IniGlac experiment
(Supplementary Fig. 8a). Compared to the IniGlac experiment, the position
of both the WPI and the VSI is unchanged, indicating that the deep EMS is
not affected by this moderate cooling in the IniGlac -2 experiment. A similar
finding, with partial water renewal down to ∼1,250 m depth was reported in
a previous modelling study, in which a 2◦ C and 3◦ C cooling was applied to
the Adriatic Sea, the Aegean Sea and the Gulf of Lions for the time of S1
deposition24 .
In contrast, in the IniGlac -6 experiment, more intense mixing and denser
water formation results in stronger changes in the AM at intermediate depth
compared to the changes simulated in the IniGlac -2 experiment (Supplementary Fig. 8b). In addition, the spreading of denser water at greater depth
levels pushes the older water upward, which is illustrated by the initial positive change in AM above ∼700 m depth (Supplementary Fig. 8b). It can
also be expected that more nutrients would be pushed upward, and possibly
fuel higher biological production, as was reconstructed for the Younger Dryas
compared to the Bølling-Allerød and the early Holocene26 . Higher produc19

tion in turn would lead to higher oxygen utilisation at depth, which possibly
to some extent compensates for the enhanced physical ventilation. In the
IniGlac -6 experiment, the depth of the WPI first deepens and after ∼200
years slowly levels out at 1,200 m depth, which is around 200 m deeper than
in the IniGlac experiment (Supplementary Fig. 8b). Over time, the deep
vertical density gradient in the IniGlac -6 experiment is eroded faster than
in the IniGlac experiment, and thus the partially ventilated ocean layer penetrates faster into greater depths, which is illustrated by the slightly faster
deepening of the VSI depth in the IniGlac -6 experiment than in the IniGlac
experiment. Although intermediate partial reventilation is enhanced in the
IniGlac -6 experiment, the deep ocean below the VSI is almost unaffected by
these changes. Overall, the results indicate that the IniGlac -6 experiment
shows no potential to fully reventilate the deep EMS within the ∼1.2 kyr of
Younger Dryas duration.
In summary, we show that the cooling during the Younger Dryas increases the partial ventilation at mid depth, while the deep stagnating EMS
is almost unaffected by these climatic conditions, and continuous deep-water
oxygen utilisation persists (IniGlac -6 experiment). This demonstrates that
the Younger Dryas cold event did not fully interrupt the stagnation period
triggered near the end of H1, as simulated in the IniGlac experiment. With
the termination of the Younger Dryas, enhanced warming and freshening (see
main text) would then quickly reinforce deep-water stagnation in the EMS.

Supplementary Note 4: Sensitivity to the sinking speed of POC
It was suggested that in areas of rapid POC posting to depth, anoxia only developed in “blankets” draped over the sea-floor, at least in depths shallower
than 2000 m(ref. 27) . 1-dimensional ecosystem model simulations showed that
an increase of the POC sinking velocity leads to a combined development
of anoxia below the ventilation-stagnation interface (VSI) and the bottom
water28 . This finding, with formation of an anoxic bottom-water layer, while
parts of the deep-water column still contain oxygen, might explain the occurrence of anoxic “blankets”. Under the static ocean circulation in the
1-dimensional model28 , frequent reventilation of the anoxic blankets are not
simulated, yet this is a major characteristic in the description of the sediment
records that were used in the formulation of the anoxic blanket theory27 . Besides, to justify the EMS basin-wide occurrence of larger-sized POC that
sinks faster to the sea floor, changes in the pelagic ecosystem and/or the
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development of a deep chlorophyll maximum are required. Such conditions,
however, have only been reconstructed for the last glacial maximum and earlier sapropels (S3, S4, S5, S7), and only in the very eastern Mediterranean
also for S1(ref. 29–31) . Nevertheless, we here show a sensitivity experiment similar to the ones presented by Bianchi et al.28 to see whether we can simulate
an anoxic layer at the sea floor and/or significantly reduce the time required
to develop full deep-water anoxia.
In our default model setup, the POC pool is divided into a slow sinking
dead phyto- and zooplankton pool, and a fast sinking zooplankton fecal pellets pool, and individual sinking velocities are assigned to both of these POC
classes (wplankton=1.5 m per day, wfecal=25 m per day) (see main text
Methods). We have tuned the default sinking velocities to fit the present
day EMS phosphate profile, the POC flux measured in the sediment traps,
and the POC burial flux18 . In our sensitivity experiment, we doubled the
sinking speed of the fast sinking POC pool (wfecal=50 m per day), and kept
the slow sinking POC components (wplankton=1.5 m per day) unchanged.
We ran this configuration within the IniGlac+3xNutri experiment using a
coarse vertical resolution setup (29 layers instead of the presented 46 layers
in all other experiments, see main text Methods). The default experiment
is called the IniGlac+3xNutri 29Lev, and the sensitivity experiment with
enhanced sinking velocity IniGlac+3xNutri 29Lev wfecal=50m/d. The differences due to the coarser vertical resolution setup (IniGlac+3xNutri vs.
IniGlac+3xNutri 29Lev) are detailed in Grimm18 .
The sensitivity experiment shows that a doubling of the fecal pellets sinking velocity reduces the POC export out of the euphotic zone, and in turn
enhances the POC flux at depth (Supplementary Fig. 9). The faster downward transport of POC leads to an increased vertical nutrient gradient, and
thus less nutrients are available for biological production because nutrients
are trapped in the deep stagnating ocean. Notable changes in the deep-water
oxygen content are only observed after ∼400 years of simulation (Supplementary Fig. 10). Overall, the vertical change in POC flux leads to higher oxygen
concentrations in the upper ∼1,200 m, and to an increased oxygen utilization
at depth (Supplementary Fig. 11). The total change of the oxygen consumption is only small, yielding after 1 kyr of simulation around 3 to 4 mmol m−3
more oxygen depletion below ∼2,000 m for a doubling of wfecal. This is only
a minor effect compared to the total oxygen reduction within this period of
70 to 80 mmol m−3 ( Supplementary Fig. 10). By far, the largest part of the
enhanced POC flux at depth is accumulated in the sediment (Supplementary
Fig. 12). In the sediment, the additional oxygen utilization is stronger than
in the water column, and amounts to ∼8 mmol m−3 after 1 kyr of simulation,
however, no pore-water anoxia is simulated.
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In summary, enhancing the sinking velocity of the fecal pellets component
of the POC pool does not lead to the development of a bottom-water nor
sediment pore-water anoxia after 1 kyr of simulation. Based on the rather
small change of the oxygen content in the deep EMS and in the sediment,
anoxic conditions at the sea floor would not evolve much before full deepwater anoxia develops. Thus, there is no significant reduction in the time
required to develop deep-water anoxia when enhancing the POC sinking velocity. This sensitivity experiment further reinforces our findings that the
formation of frequently reventilated anoxic “blankets” trapped over the sea
floor is restricted to the vicinity where the change from oxic to dysoxic to
anoxic conditions is simulated (the depth of the VSI). Thus, the regional and
vertical extent at which anoxic “blankets” are found in sediment core records
marks the depth range of the vertical oscillation of the VSI (see main text).

Supplementary Note 5: Applicability of our
results for S1 formation to older sapropel events
In the main text, we conclude that the timing and strength of warming
and freshening (freshening in the Mediterranean Sea due to rising sea level
and corresponding enhanced exchange through the Strait of Gibraltar, but
also freshening of the inflowing Atlantic water, and enhanced other moisture
sources e.g. insolation-driven strength of African run-off) is crucial for the
onset and the strength of the S1 deep-water stagnation. At the termination
of H1, enhanced SST warming was reconstructed throughout the EMS15, 32, 33 ,
and coincides with the first rapid rise in atmospheric pCO2 at ∼16 kyr ago
(Supplementary Fig. 13a). Sea-level rise started to accelerate at ∼17 kyr
ago, and was significantly enhanced during Meltwater peak 1A and Meltwater
peak 1B13, 34, 35 (Supplementary Fig. 13a). Insolation-driven intensified Nile
run-off emerged after 14 kyr ago and was strongly enhanced after 12 kyr
ago21 . Both our modelling results and proxy data show that the onset of the
deep-water stagnation was during or near the end of H1 (see main text).
Therefore, it appears that the rapid late glacial surface warming of the EMS
preconditioned the S1 deep-water stagnation, and over time, the deep-water
stagnation was restrengthened by the rising sea level, in particular during
the phases of Meltwater peak 1A and 1B, and the intensification of other
latest Pleistocene to early Holocene moisture sources (see main text).
During the late Quaternary ten sapropel layers were identified in the
EMS10, 11 . Of those, three other sapropels (in addition to S1) occurred subsequently or towards the end of major glacial terminations (S5 at Termination
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II, S9 at Termination III, S10 at Termination IV). Here we use global records
of sea level and atmospheric CO2 concentration as proxies for the local climatic conditions in the EMS (Supplementary Fig. 13). From these records
we infer the relative timing of the first strong increase in atmospheric CO2
concentrations (as a proxy for surface warming), the phases of strong sealevel rise (as indicators for surface freshening) and the onset of S5, S9 and
S10. This yields an estimate of the potential role of these climatic changes
for the formation of these sapropels. For S9 and S10 Ziegler et al.11 give only
the midpoint age, from which we derive estimates of the age of the beginning of S9 and S10 by combining each midpoint age with the corresponding
duration of these sapropels given in Emeis et al.10 .
During Termination II, the first period with a rapid rise in both atmospheric CO2 concentration and sea level starts approximately at ∼133.5 kyr
ago, which is ∼6.5 kyr or ∼4 kyr prior to the onset of S5 deposition. The time
frames are inferred by the RSL probability maximum, atmospheric CO2 concentration and the onset ages of S5 (Supplementary Fig. 13d). Even though
there are large uncertainties in the dating of the S5 event, the amplitude
and timing of the rapid rise in pCO2 and sea level are rather similar to S1.
However, in contrast to S1, the onset of the rapid pCO2 and sea-level rise
occur in parallel, and therefore the stagnation of the circulation leading to
S5 deep-water anoxia was possibly even stronger than the stagnation during
S1 formation.
During Termination III, the first rapid rise in atmospheric CO2 concentration occurs at ∼245.5 kyr ago, and thus precedes the onset of S9 deposition
by ∼3.5 kyr or possibly ∼5 kyr (Supplementary Fig. 13h). The rate of
change between the onset of the first rapid rise in atmospheric CO2 concentration and the onset of sapropel deposition was larger during Termination
III than during Termination I, which further suggests that the strength of
the deep-water stagnation due to the warming prior to S9 deposition was
stronger than during S1. The first rapid sea-level rise occurred ∼3 kyr after the first rapid rise in pCO2 , so ∼0.5 kyr or possibly ∼2 kyr prior to S9
deposition. A gradual increase in sea-level can be seen already ∼1 kyr after
the first rapid rise in pCO2 . This gradual sea-level rise possibly provided the
necessary EMS upper-ocean density reduction to restrengthen the stagnation
initiated by the inferred rapid warming signal.
During Termination IV, we infer the first rapid rise of atmospheric CO2
concentration at ∼340.5 kyr ago, which is ∼6.5 or possibly ∼8.5 kyr prior
to the onset of S10 deposition (Supplementary Fig. 13i). The first rapid
rise in sea level precedes S10 deposition by 0.5 or possibly ∼2.5 kyr. Even
though the onset of the first rapid sea-level rise in relation to the onset of the
first rapid rise in atmospheric CO2 concentration is rather late, the contin23

uous rising sea level in parallel to the rising pCO2 might have continuously
provided the necessary upper-ocean density reduction to develop the EMS
deep-water stagnation before the first rapid sea-level rise started.
Although the other late Quaternary sapropels (S3, S4, S6, S7 and S8)
formed with no major glacial termination preceding their onsets, the relatively low sea level during their formation (Supplementary Fig. 13b,c,e,f,g)
must have supported the accumulation of nutrients in the EMS due to the
reduced exchange at the Strait of Gibraltar. This would have fuelled higher
production, as has been proposed for the formation of S6(ref. 36) , and resulted
in high oxygen consumption in the deep layers. Under such eutrophic conditions, the time to reach anoxia in stagnant deep water would be short, and
even a comparatively small perturbation (such as enhanced Nile river runoff) should be sufficient for sapropel formation, as has been suggested for S8
formation10 . This could explain the close link between Quaternary sapropel
events and insolation-driven intensification of African river run-off draining
into the EMS37, 38 .
In summary, even though the uncertainties in all records shown are large,
we find that the timing and the strength of the first rapid pCO2 rise (warming) and sea-level rise (freshening) prior to the deposition of S5, S9 and S10
are rather similar to the conditions prior to S1 deposition. Therefore, we hypothesise that our mechanistic explanation of S1 formation hinging on density
contrasts between old deep water emplaced near the end of the glacials and
an increasingly buoyant surface layer during the deglaciation also holds for
at least S5, S9 and S10. To confirm this hypothesis more research on these
older sapropel events is necessary.
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