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The Mediterranean basin reconnected to the Atlantic Ocean ~5.33 Myr ago, following
its partial desiccation during the preceding Messinian salinity crisis (5.97 to 5.33 Myr).
While the extent of terminal Messinian drawdown and abruptness of reconnection are
debated, recent work inferred that an anomalously long-lasting eastern Mediterranean
organic-rich “mystery sapropel” layer was deposited due to salinity-stratification and
anoxia following catastrophic flooding that refilled the basin. However, independent
evidence is required to test this hypothesis. Here, we present extensive proxy data and
numerical model results to show that irrespective of the largely hypersaline or olig-
ohaline conditions proposed for the terminal Messinian, the eastern Mediterranean
became oxygenated due to the ~1.5-km-high, turbulent and aerated cascade that
refilled the basin, which created a salinity-stratified but oxygenated water column
that allowed preservation of only the most recalcitrant organic components. Next,
oxygen was gradually depleted over a period of up to 12,000 y due to remineralization
of sinking organic matter, culminating in a stratified, anoxic basin. It took 33,000 y
after flooding (7,000 y longer than suggested previously) for turbulent diffusion to
weaken the stratification and allow resumption of convective deep-water renewal,
which marked the final return of normal oxygenated marine conditions throughout
the Mediterranean.

Messinian salinity crisis | Mediterranean | Zanclean megaflood | sapropels

Late Miocene tectonic restriction of the Atlantic-Mediterranean gateway resulted in partial
desiccation of the Mediterranean basin (Messinian salinity crisis; MSC, 5.97 to 5.33 Myr
ago) (1-4). During the peak MSC (5.6 to 5.52 Myr), both western and eastern
Mediterranean basins underwent kilometer-scale drawdowns, leading to giant evaporite
deposit formation (1, 2, 4-6). Evidence for a massive drawdown comes from a basin-wide
Messinian erosional surface and deep canyons beneath major river mouths such as the
Nile and Rhone rivers (2, 4, 7). The extent of intrabasin connectivity and environmental
conditions following the peak MSC are uncertain (1, 8), which complicates understanding
of the nature and timescales of Mediterranean refilling at the Miocene/Pliocene boundary
(5.33 Myr).

The abruptness of Atlantic-Mediterranean reconnection is estimated from the latest
Messinian drawdown magnitude of Mediterranean subbasins. Paleontological and bioge-
ochemical evidence imply intermittently brackish biotic associations and Messinian brine
dilution with Paratethyan and riverine influx following the peak MSC across Mediterranean
subbasins, which may suggest an elevated terminal Messinian sea-level during the final
MSC phase (5.52 to 5.33 Myr) (9—11). Based on this evidence for brackish water condi-
tions, an outflow pump mechanism forced by density-driven Paratethys inflow was sug-
gested to explain MSC termination (12). Moreover, alkenone-based paleoproxy records
have been used to suggest a progressive return to marine conditions in western
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(13). In contrast, seismic data and sedimentological observations imply that the
Mediterranean was largely drawn down and isolated from the Atlantic Ocean and other
major water bodies up to MSC termination at the Miocene—Pliocene boundary when the
Gibraltar gateway reopened (4, 14-16). For an eastern Mediterranean base level that was
drawn down by ~2 km (2, 4, 17), Gibraltar sill collapse at the MSC termination would
have generated the most abrupt flooding event in recorded Earth history, termed the
Zanclean megaflood (2, 4). However, despite five decades of research, the drawdown
magnitude during the terminal MSC and the consequences of basin refill remain debated
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The presence of an anomalously long-lasting eastern Mediterranean
organic-rich layer (26,000 y; mystery sapropel) immediately follow-
ing the M/P boundary has been linked to MSC termination mech-
anisms. It has long been established that Mediterranean sapropels
formed during Northern Hemispheric precession minima (insola-
tion maxima), due to curtailed deep water formation during exten-
sive monsoon flooding phases into the Mediterranean (19-21).
However, the mystery sapropel at eastern Mediterranean Ocean
Drilling Program (ODP) Site 967 spans the first two Pliocene inso-
lation maxima and the intervening insolation minimum, based on
Ba abundances (2), a proxy for organic carbon deposition that is
resilient to postdepositional oxidation (22-24). It is the only sapro-
pel to span more than one insolation maximum in the entire
Neogene, implying a forcing other than climate and suggesting a
relation with MSC termination (2). It was hypothesized that the
eastern Mediterranean was salinity-stratified due to an abrupt flood-
ing event that terminated the MSC, triggering a lengthy phase of
deep-water anoxia and mystery sapropel deposition, before the rees-
tablishment of normal marine conditions (2).

While eastern basin salinity stratification was proposed to result
from remnant brine transfer from the western Mediterranean, an
alternative scenario has not yet been evaluated that foresees
Mediterranean subbasin flooding under largely oligohaline condi-
tions. Moreover, independent evidence on the salinity stratification
mechanism is required to validate a megaflood-driven MSC ter-
mination. Therefore, we test possible Mediterranean geochemical
configurations that allow the observed sapropel deposition pat-
terns, considering a range of largely hypersaline to largely oligo-
haline conditions before the Atlantic reconnection. At ODP Site
967, all sapropels older than 3.2 Myr have been degraded due to
postdepositional oxidation (S Appendix, Fig. S1), which hinders
a detailed study of the mystery sapropel (2, 25, 26). At ODP Site
969, Early Pliocene sapropels are well preserved, allowing detailed
analysis of a mystery sapropel equivalent from the Mediterranean
Ridge crest (27) (Fig. 1). We combine high-resolution geochemical
data from X-ray fluorescence core scanning (XRF-CS) and com-
plementary organic carbon, mineralogical, and organic biomarker
data for the mystery sapropel at eastern Mediterranean ODP 969,
with numerical modeling of deep-water oxygenation, to obtain a
detailed characterization of this enigmatic final phase immediately
following the Mediterranean Zanclean megaflood.

Results

Mystery Sapropel Data. The Site 969 mystery sapropel is ~1 m
thick and consists of two clear dark bands within a laminated,
olive-gray background (Fig. 1). Our XRF-CS results reveal two
Ba peaks that correspond to the dark bands, with low Ba levels
between the peaks. However, organic carbon quantification
indicates that, while the normal sapropel-like Ba peaks indicate
high organic carbon contents exceeding 1.7 %, elevated levels
(>1.0 %) continue between these peaks, and are substantially
higher than the ~0.3% organic matter content of intervening
nonsapropelic eastern Mediterranean marls (28). Thus, we
suggest that the Ba peaks correspond to the first two Pliocene
insolation maxima, while the intercalated low Ba—high organic
carbon values represent nonsapropelic preservation during the
intervening insolation minimum. Oxygen isotope data (6'%0)
provide further support for this interpretation, where the first two
Pliocene 8'®0 minima are concurrent with the two Ba peaks(29).
Our chronology based on this assumption is consistent with a
reevaluated biostratigraphy for Site 969 (Materials and Methods)
and indicates that enhanced organic carbon preservation extended
to the second Pliocene insolation minimum (S Appendix, Fig. S2
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Fig. 1. XRF core scanning, XRD, and organic matter data across the Miocene/
Pliocene boundary from ODP Site 969. The age model was developed by tuning
Ba peaks to 65°N insolation maxima and was validated using biostratigraphy
(Materials and Methods and S/ Appendix, Fig. S2). The M/P boundary is marked
by a rapid Ca (mainly calcite) concentration increase. Foraminifera shell
abundance data(27) suggest that the Ca increase is predominantly due to
the influx of planktonic foraminifera to the Mediterranean. The mystery
sapropel interval consists of two dark olive-gray layers within an olive-green
background. The two dark layers correspond to the first two Pliocene Ba
peaks. Organic carbon concentration is >1 % within the mystery sapropel.
High S contents above the M/P boundary are mainly caused by elevated
gypsum contents, while the magnetic susceptibility trend is reflected by pyrite
contents(27) (S/ Appendix, Fig. S3).

and Table S1). Therefore, mystery sapropel deposition may have
continued for ~33,000 y (about 1.5 precession cycles); ~7,000 y
longer than estimated previously (2).

The calcite content rises to ~60% immediately after the M/P
boundary, from values as low as 20% in the latest Messinian.
While benthic foraminifera are absent within the mystery sapro-
pel, planktonic foraminiferal abundance increases 4 to 5-fold
simultaneously (dominantly due to an increase in the >150 um
fraction), which explains the calcite increase due to Atlantic water
influx (Fig. 1 and S Appendix, Table S2). Sulfur (S) contents
within the first half-precession cycle above the M/P boundary are
considerably higher (XRF-CS intensities increase up to fivefold)
than in the rest of the mystery sapropel (Fig. 1). However, mag-
netic susceptibility measurements indicate a reverse pattern, with
the lowest values within the first Ba peak that rise to higher values
in the second Ba peak. In general, higher than background
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magnetic susceptibility values within sapropels correlate with ele-
vated sedimentary pyrite contents (20). This observation is con-
sistent with X-ray diffraction (XRD) data, which indicates
declining pyrite contents across the M/P boundary, which rise to
Messinian values within the second Ba peak (87 Appendix, Fig. S3).
Our XRD data indicate that higher S contents are most likely
caused by elevated gypsum contents (also, possible anhydrite)
rather than pyrite contents in the sediment immediately above
the M/P boundary (SI Appendix, Fig. S3).

Smear-slide analysis reveals abundant latest Messinian gypsum
twin crystals at Site 969, which suggests its authigenic precipitation
through the water column (27, 30). However, twin crystal abun-
dance decreases across the M/P boundary, becoming rare within
mystery sapropel sediments (27). Our observations of gypsum
enclosing and infilling foraminiferal shells in the basal Pliocene sug-
gest a higher percentage of postdepositional/diagenetic precipitation
(81 Appendix, Fig. S4). Likely causes of gypsum precipitation include
1) elevated bottom salinities due to remnant Messinian fluids (con-
sistent with abundant late Messinian twin crystals), or 2) postdep-
ositional pyrite oxidation under anaerobic or aerobic conditions
(31). Importantly, the pyrite/organic carbon ratio drops above the
M/P boundary (unlike normal sapropels, where pyrite maxima cor-
relate with high organic carbon), which is suggestive of a largely
oxygenated water column (32, 33). Vertical oxygen diffusion
through the sediment—water interface may explain the high gypsum
abundance coincident with diminished pyrite contents above the
M/P boundary, which suggests a Mediterranean water column redox
condition shift.

Postflood Eastern Mediterranean Oxygenation. Our biomarker
and pollen data provide evidence for Late Messinian stratification,
postflood water column oxygenation, and a return to largely anoxic
basin conditions within 8 to 12 thousand year (Fig. 2 A-D). Before
Atlantic—Mediterranean reconnection, elevated relative archaeol,
gammacerane, and tetrahymanol concentrations (Fig. 24) suggest
stratified Mediterranean conditions (34). Relative abundances of
these biomarkers drop rapidly toward zero at the M/P boundary,
coincident with Atlantic reopening, cessation of Messinian
hypersaline conditions, and initiation of seafloor algal and plant
biomass flux. The high archaeol abundance may indicate highly
saline conditions, consistent with abundant latest Messinian
gypsum twin crystals (27, 34). However, this is not a definitive
high-salinity indicator, as archaeol has been observed in euxinic
environments such as the Black Sea where hypersaline conditions
are not present (35).

Notable relative abundance changes of algal and plant lipid
classes support our hypothesis of a major long-term water column
redox condition shift from the first to second barium maximum.
'The relative lipid biomarker abundance in nonsapropelic Pliocene
sediments is substantially lower compared to that of Pliocene sap-
ropels, due to oxic degradation of organic matter in the water
column or to oxygen diffusion into the sediment (36). Accordingly,
the lipid profile of the younger Ba peak points to minimal organic
carbon reworking typical of Pliocene sapropels (36) (Fig. 2 and
SI Appendix, Table S2). By comparison, sediments within the first
Ba peak are strongly depleted in labile phytoplankton lipids and
enriched in recalcitrant terrestrial vegetation biomarkers indicative
of more intensive degradation under aerobic conditions. Notably,
the C26:0 over C18:0 FA ratio is depressed in the first Ba peak
relative to the second (Fig. 2B), which is typical of acrobic rework-
ing (37). Similarly, the alcohol preference index (API) that demar-
cates n-alcohol degradation relative to more recalcitrant n-alkanes
(38) (Fig. 2B), the relative abundance of FA over less labile
n-alcohols (36), algal dinosterol over more recalcitrant land
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Fig. 2. XRF, biomarker, and pollen data indicating a gradual transition from
a largely oxidizing to a reducing eastern Mediterranean water column. (A)
Relative archaeol, gammacerane, and tetrahymanol abundances normalized
to sterol content (S/ Appendix, Table S3). (B) Relative abundance of C26:0 and
C18:0 fatty acids (FA) and alcohol preference index (Materials and Methods). (C)
FA/n-alcohol and dinosterol/sitosterol ratios. (D) Total sterols/n-alcohols and
C30 1,15 diol/n-alcohol ratios. (E) Brassicasterol/dinosterol ratio and pollen
content. (F) Mo/Al and Ba concentration. While Messinian biomarkers indicate
anoxic conditions, Mo/Al values are low, indicating diminished Atlantic inflow.
Mo/Al is lowest in the first mystery sapropel Ba peak, implying higher water
column O,. The Ba/Al ratio is plotted to show high and low Ba regions through
the mystery sapropel. H1g,, H2g, (shaded in light gray) and L1g,, L2g, are high
and low barium regions, respectively. See S/ Appendix, Table S3 for explanation
of all biomarker ratios.

plant-derived sitosterol (Fig. 2C), and the abundance of total ster-
ols and C30 1,15-diol over relatively more stable n-alcohols (36,
37) (Fig. 2D) increase markedly toward the younger Ba peak.
More intense aerobic organic carbon reworking during deposition
of the first Ba peak is also supported by an up to three times lower
pollen count in the first Ba peak compared to the second (39)
(Fig. 2E). These combined data indicate a more oxygenated water
column during the first ~8 to 12,000 y of mystery sapropel for-
mation, followed by a shift to more reducing conditions typical
of younger sapropels. The end of mystery sapropel deposition is
marked by a sharp rise of (epi)brassicasterol abundances relative
to dinosterol, which points to a possible shift from dinoflagellates
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to haptophytes (or possibly diatoms) as the dominant phytoplank-
ton (40) (Fig. 2E).

Evidence for a major seawater influx comes from Site 969 Mo
data (Fig. 2F). In isolated anoxic basins with relatively little water
influx from a surrounding ocean, Mo will be depleted compared
to the global ocean, due to sedimentary Mo enrichment (41, 42),
so that little Mo would have remained in Messinian waters. We,
thus, interpret the Mo/Al increase immediately above the M/P
boundary to reflect a sudden Mo-bearing Atlantic water influx to
the eastern Mediterranean. Sedimentary Mo enrichment is
observed commonly in euxinic settings, where water column
MoOi_ is converted into thiomolybdate species in the presence

of hydrogen sulfide, which is permanently buried in sediment (41,
42). Mo/Al is lowest in the first Ba peak, and steadily rises in the
second Ba peak, which suggests that water column conditions
became more reducing from the first and into the second Ba peak,
consistent with our biomarker data. The Mo/Al increase might
also reflect increasing Atlantic water influx across the Gibraltar
Sill, subsequent to the flooding event.

Oxygenation Mechanism and Modeling Results. A likely oxygen
source to the eastern Mediterranean water column is the ~1.5-km-
high cascade that refilled the eastern basin through the Noto
Canyon southeast of Sicily (2, 14, 15). The canyon opens at the
Malta Escarpment, with a 70° relief at its final 700 m drop to
the lonian Basin (14, 15). Modern experiments and observations
demonstrate a high potential for cascading, with turbulent waters
increasing the dissolved oxygen content, due to high aeration
efficiency (43—46). Increasing flood discharge rates rapidly increase
the dissolved oxygen content, commonly reaching supersaturated
conditions exceeding 180 % O, further downstream (44). By
comparison, mountain streams with an average ~30° slope have
dissolved O, saturation of 90 to 120 % (46).

Numerical simulations of the MSC-terminating megaflood
indicate that, at peak flood conditions, flood discharge may have
exceeded 150 Sv, with velocities up to 50 ms ! in the Alboran basin
(2, 4). Remnant western basin Messinian liquids would have mixed
completely with Atlantic waters due to the flood energy (thus,
increasing mixing depth), eventually reaching the Sicily sill level
(81 Appendix, Fig. S5). The cascade entering the eastern basin across
the Sicily sill would have been even more energetic due to a steep
drop at the Malta Escarpment, which would have generated highly
turbulent conditions (2). It can, therefore, be expected that the
eastern basin inflow was saturated (to supersaturated) in oxygen
(81 Appendix, Fig. S5 and Fig. 3). In such a scenario, the eastern
Mediterranean would have filled with highly saline (~80 PSU at
flood termination, with starting Messinian fluids at gypsum satu-
ration, ~140 PSU) and oxygenated waters up to the Sicily sill level
(SI Appendix, Fig. S5) by the time the flooding phase was com-
pleted (within ~700 d) (2, 4). We hypothesize that the subsequent
persistence of O, beneath the pycnocline would depend on the
oxygen utilization rate by remineralization of the sinking organic
carbon flux (hence, productivity). From our proxy evidence, we
infer that O, may have been present for 8 to 12 thousand years
following the flooding event, and that anoxic conditions were
reached subsequently through the water column up to Sicily sill
level (Fig. 3 and SI Appendix, Fig. S5 and Materials and Methods).

To test our hypothesis, we extend a published numerical model
for post-MSC basin developments (2) to quantify oxygen con-
centrations during and after the flooding event (Materials and
Methods). While a kilometer-scale drawdown is mandatory for
catastrophic termination and oxygenation, the terminal MSC
geochemical configuration of the Mediterranean remains debated,
with suggestions of deep remnant brines or oligohaline conditions

https://doi.org/10.1073/pnas.2505429122

A Atlantic  Gibraltar .
sill Sicily
Sill

Ocean

Depth
1,000 m
2,000 m

3,000 m

i,
Western Mediterranean

Eastern Mediterranean

Stage 1 |
OXsan)

200_3 Hypersaline

150

100 1 OXSai(WMed)
50
e
300 1
250 tererRazAIIIIIIII I posoomcoee
200] O ! Ox

Sat(wMed) Sat(eMed)

150‘5

100 _ Oligohaline

Oxygen concentration (umol kg”') Oxygen concentration (umol kg™)

I B L B e L |
0 100 200 300 400 500 600
Time (days)

Fig. 3. Flooding phase and Mediterranean oxygenation. (A) Sketch of the
eastern basin refilling phase by western basin waters flowing over the Sicily
sill. Circled numbers 1 and 2 indicate ventilated inflows at the Gibraltar sill
(Zanclean channel) and Sicily sill (Noto canyon). (B) Evolution of western (solid
purple line) and eastern (solid blue line) basin mixed layer O, concentrations
through the first two flood stages, for 100 % O, saturated inflows, for a largely
hypersaline basin in the latest Messinian (Materials and Methods). (C) same as
in (B), for a largely oligohaline latest Messinian basin. For (B) and (C), shaded
lower and upper lobes for each curve represent the range of O, concentrations
for 90 and 110 % O, saturated inflows entering each basin. Dashed lines
represent O, saturation concentration for western (OXs,ywmedy PUrple) and
eastern (OXsyyemeq), PIUE) basins. Oxs,ay, Atlantic water oxygen saturation
concentration.

before Atlantic reconnection. Moreover, the depths to which oli-
gohaline or hypersaline conditions extended remain unknown. To
include all possibilities, we consider two end-member scenarios,
1) a largely hypersaline basin with a thin surface low-salinity layer
(200 PSU starting brine salinity) and 2) a largely oligohaline basin
with only the deepest 3% of volume occupied by gypsum-saturated
brines. We also explain why a 100% oligohaline basin cannot
produce the observed eastern Mediterranean mystery sapropel
deposition.

In the first model phase, we calculate the flow-energy-dependent
extent of mixing of incoming western Mediterranean waters with
eastern basin brines. This allows oxygen concentration calculation
for western and eastern basin mixed layers through the refilling
event, across a range of saturation states (Fig. 3 Band C). For the
largely hypersaline setting, model results indicate that at 20 %
mixing efficiency (Materials and Methods), ~95 % of eastern basin
brines will mix completely with flood waters to create a hypersaline
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layer with ~90 PSU below the Sicily sill, while residual brines
remain in the deepest basin at flood termination (Fig. 44 and
SI Appendix, Fig. S5). Assuming O, saturated inflow during refill-
ing, the mixed layer reaches a 170 umol kg™ O, concentration,
which is ~90 % of its O, saturation level (Fig. 3B and Materials
and Methods). Our sensitivity tests indicate that, for a range of 80
to 175 % O, saturation of the inflow, the final eastern basin total
O, content below Sicily sill depth can range between 2.8 x 10"
and 6.3 % 10" mol (Fig. 4).
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Fig. 4. Evolving phase, postflood eastern basin oxygen consumption. (A)
Eastern basin postflood bottom salinity evolution for the largely hypersaline
scenario, indicating an 11 to 44-thousand-year period to break the
stratification via diapycnal diffusion. The light blue box indicates the time
window of salt removal. The black dashed lines with gray shading show the
time scales of salt removal for different starting salinities below Sicily Sill level
(40-100 PSU range) following the flooding event. The k1, k2, and k5 curves
correspond to salt removal time at 1 x 107, 2 x 107, and 5 x 107> m?%s™
turbulent diffusivities, respectively. For example, ata 2x 10 m?s™" turbulent
diffusivity, salt removal to the Atlantic requires ~16,000 to 30,000 y for 40 and
100 PSU salinities, respectively. At 1 x 10° m?s™, salt removal takes >50,000
y for salinities >60 PSU. (B) Same as in (A), for a largely oligohaline scenario.
Suwr Levantine intermediate water salinity. (C) Cumulative oxygen consumption
required to degrade all organic matter sinking below the Sicily sill level, at
selected maximum sapropel surface productivity values (from 15 to 150 gC
m™y™, as indicated by pink numbers on each curve). Solid and dashed lines
correspond to higher and lower Ba/Al ranges chosen in calculations (Materials
and Methods). Time initiates at the M/P boundary. The pink box (t,,oqe) indicates
the possible time range from the model (for an O, saturated inflow), after
which O, below Sicily sill is consumed completely. Gray side bars indicate
minimum (0.6 kyr) and maximum (20.5 kyr) oxygen persistence durations,
at 80 % and 175 % inflow O, saturation. The green box (t,,,) indicates the
proxy-based estimated minimum and maximum durations for an oxygenated
eastern Mediterranean (8 to 12 thousand year; see Materials and Methods).
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For the largely oligohaline setting with thick brackish water
columns in both subbasins (only 3% volume percentage of the
deepest basin comprising gypsum-saturated brines), the western
Mediterranean rapidly becomes fully mixed and oxygenated due
to the higher density of sea water. Following transfer over the Sicily
sill, the eastern basin becomes slightly more oxygenated (~200
umol kg™') compared to the hypersaline scenario, due to the higher
oxygen saturation capacity of low-salinity waters (Fig. 3C). At
flood termination, the eastern basin becomes stratified at the Sicily
sill level with waters of slightly enhanced salinity [~41 PSU,
approximately 2.5 PSU above the normal eastern Mediterranean
salinity (Fig. 4B)]. Overall, our two end member model scenarios
indicate that, for both largely hypersaline and oligohaline preex-
isting conditions, the eastern basin will be stratified and oxygen-
ated up to the Sicily sill at flood termination (Figs. 3 and 4 and
Materials  and Methods). However, a 100% oligohaline
Mediterranean during the terminal MSC will not allow the
observed geochemical signatures and the observed mystery sapro-
pel deposition. In this case, eastern basin salinity at flood termi-
nation will be lower than Atlantic salinity, which will result in
resumed deep-water renewal following the refilling event.
Therefore, sapropel deposition and sedimentary Mo enrichment
would not have occurred if the deep Mediterranean had been
occupied entirely by oligohaline waters in the terminal MSC. The
data are, therefore, inconsistent with that scenario.

Salt removal back to the Atlantic after flood termination was
suggested to occur via turbulent dlffuston (2).In our model with
a diapycnal diffusivity range of 1 X 107 to 5% 10~ m” s, eastern
basin deep water renewal was inhibited for 12,000 to >50,000 y
in the largely hypersaline scenario following flooding (S Appendix,
Fig. S6). For the largely oligohaline stratified eastern basin scenario
with low-salinity contrast with surface waters, salt diffusion may
require >37,000 y ata 1 X 10” m*s™' turbulent diffusivity, for
salinities greater than 43 PSU (87 Appendix, Fig. S6). Our sensi-
tivity tests suggest that for a range of stratification strengths
between 40 and 100 PSU below Sicily sill level, salt diffusion time
scales back to the Atlantic can range between 6,000 and >50,000 y
(SI Appendix, Fig. S6). Our revised proxy-based age estimate for
the mystery sapropel (33,000 y; see above) is consistent with this
suggested stratification duration for largely oligohaline to hyper-
saline scenarios (SI Appendix, Fig. S6). To estimate the postflood
O, consumption rate, the second phase of our model employs a
modified algorithm that links the sedimentary Ba accumulation
rate to surface-water productivity, which is further evaluated with
statistical testing (47, 48) (Materials and Methods and SI Appendix,
Figs. S7 and S8). We estimate absolute organic carbon fluxes
through time for a ran nge of maximum sapropel productivity values
(1510 150 gC m™ y) (48-50). We find that, for a basin refilled
with O, saturated inflow under the largely hypersaline scenario,
complete O, consumption may take 0.4 to 13.5 thousand years
within the 15 to 150 gC m™ y ' surface productivity range
(Fig. 4C). With higher oxygen availability in the oligohaline sce-
nario, the maximum duration extends to 17 thousand years (Fig. 4
and SI Appendix, Fig. S6). We note that this range covers the aver-
age surface productivity range of 30 to 60 gC m™ durmg
Quaternary sapropel formation, the 120 to 140 gC m~ y range
of Late Pliocene sapropels (49, 50), and the 5 to 7 times lower
values for sapropels formed before 3.2 Ma (from Ba accumulation
rate changes (25); ST Appendix, Fig. S9). Our sensitivity tests indi-
cate that following a refilling event with saturated to supersatu-
rated flood waters, and for maximum sapropel productivities lower
than ~45 gC m™ y', it is possible to maintain oxic to suboxic
eastern Mediterranean conditions for the observed 8 to

12-thousand-year period (Fig. 4 and SI Appendix, Fig. S6).
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Discussion

Our model simulations involve a few key assumptions, and we
have carried out sensitivity tests to account for associated uncer-
tainties (Materials and Methods and Figs. 3 and 4). In the first
model phase (Mediterranean refilling), we employed constant
Noto Canyon dimensions throughout the eastern basin’s refilling
phase. In reality, the Malta Escarpment may have been carved by
the energetic flow across the Sicily sill, gradually expanding the
Noto Canyon to its present-day dimensions (14, 51). A smaller
canyon would have allowed an even more energetic flow to the
eastern basin, entirely mixing eastern basin Messinian liquids with
flood waters more rapidly than the model results suggest. However,
this assumption does not affect our results because the final oxygen
content would be the same irrespective of canyon dimensions.
The surface productivity estimate employed for the second model
phase (postflood oxygen consumption rate estimation) is con-
strained to a constant value for the whole eastern Mediterranean,
due to a lack of sediment records extending through the mystery
sapropel across the M/P boundary. Paleoproductivity estimates
suggest that total export production during sapropel deposition
may have been slightly higher in western parts of the eastern
Mediterranean (49). Our sensitivity tests account for this uncer-
tainty by including a range of surface productivity estimates that
cover the spectrum of eastern Mediterranean productivity esti-
mates (Fig. 4 and SI Appendix, Fig. S6).

While the Mediterranean terminal Messinian hydrogeochemical
configuration is debated, our proxy data and model simulations sug-
gest a substantially lower Mediterranean base level immediately before
Adantic reconnection at 5.33 Myr. This low base level would have
allowed an increasingly energetic Atlantic flow to the Mediterranean,
refilling the entire basin within 2 y (Fig. 3 and ST Appendix, Fig. S5).
Our findings improve upon previously reported land-to-sea indicators
of a megaflood, including implications for a rapid refilling event sug-
gested from contouritic deposits in Sicily (16), western Mediterranean
erosional features, and chaotic sedimentary deposits detected at the
base of the Malta Escarpment that have been related to flood-related
western basin erosion (14, 15, 51). Moreover, we provide water col-
umn indicators of flood-driven oxygenation, further supporting the
aforementioned sedimentary and seismic evidence for the Zanclean
megaflood.

In summary, we employ wide-ranging data and box models to
explore the transitional phase to normal marine conditions follow-
ing the catastrophic marine flooding that terminated the 600,000-y
Messinian Mediterranean isolation from the global ocean (2, 4).
Our analysis suggests that, despite arguments for dominantly
hypersaline or oligohaline conditions in the terminal Messinian,
the eastern basin will be salinity-stratified at the end of a cata-
strophic refilling phase. Unlike normal sapropels, the “mystery
sapropel” reflects organic matter deposition under a largely oxy-
genated eastern Mediterranean water column, which resulted from
aeration by the violent flooding event. The eastern Mediterranean
then changed gradually from an oxidizing to a reducing state over
~8 t0 12,000 y due to organic matter respiration, while stratifica-
tion was weakened over ~33,000 y. These results provide the first
independent evidence of the consequences of the post-Messinian
megaflood on Mediterranean basin evolution.

Materials and Methods

X-Ray Fluorescence Scanning. We present X-ray fluorescence core-scanning
(XRF-CS) data for ODP Site 969 Hole B (95.9-98.3 mbsf). Archive core sections
were scanned at MARUM-University of Bremen on an Avaatech XRF core scanner.
Core sections were covered with 4-mm-thick Ultralene film and measured at 50
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and 30 kV with 0.55 mA current and with Cu and Pd-thick filters, respectively,
and at 10 kV with 0.035 mA current (no filter); count time for all runs was 7 s.
XRF-CS elementintensities are presented as logarithmic ratios between elements
for Ba/Al and Mo/Al. Moreover, individual elements (Ca and S) are plotted after
centered log-ratio transformation (clr) following ref. 52.

Biostratigraphy. To identify the M/P boundary, previous studies of the mystery
sapropel employed shipboard stratigraphy and biostratigraphy based on post-
cruise scientific reports of ODP site 969.To generate a preliminary chronology for
Site 969, we tuned Ba (and Ba/Al) peaks to June 21st 65°N insolation maxima
(53), assuming that the M/P boundary occurs at 97.11 m in the core. To validate
our XRF-based chronology, Site 969 biostratigraphy was reevaluated.

The Zanclean global stratotype section and point (GSSP) and the base of the
Pliocene is defined at the base of carbonate cycle 1in the Eraclea Minoa section,
Sicily (54). Therefore, to determine whether the inferred M/P boundary is placed
correctly at Site 969 and whether the basal Pliocene section at Site 969 is com-
plete, comparison with the Eraclea Minoa section is required. To detect earliest
Pliocene biozones, comparison of Sphaeroidinellopsis and left coiled neoglobo-
quadrina species was carried out using 17 samples from core sections A11H4,
A11H5,B11H5,and B11H6. Long-distance comparisons of these bioevents have
been incorporated in several Mediterranean M/P transition studies (8, 29, 55).To
confirm the M/P boundary position, comparison of Site 969 sapropels between
Eraclea Minoa gray intervals was employed (S/ Appendix, Fig. S2).

Previous studies have suggested that the oldest sapropel-marl succession
(corresponding to cycle 1 at the Eraclea Minoa section) is likely absent at ODP
Site 969. Cycle 1 spans from 5,332 kyr to 5,310 kyr. However, identification of
R. zancleana and Crocodylus acutus (5,332 kyr) in later studies (S/ Appendix,
Table S1), and the presence of the first Neogloboquadrina acostaensis sinistral
shift (5,321 kyr), suggest that cycle 1is also recorded at Site 969. Based on linear
sedimentation rate estimates with bioevents for the earliest Pliocene sediments,
cycle 1is likely complete at Site 969 (S/ Appendix, Fig. S2).

X-Ray Diffraction Analysis. A total of 10 and 8 samples were chosen from ODP
967 and 969 sediments, respectively, across the M/P boundary. Each sample was
ground by hand in acetone with an agate mortar and dried. To enable amorphous
material quantification, samples were spiked with 20 wt% corundum (Al,05, 1 um,
Baikalox®), mixed in acetone, pipetted onto a quartz low-background-holder, and
dried. Powder XRD analysis was carried out with a Malvern Panalytical Empyrean
Series 3 which is equipped with Bragg-Brentano HD divergent beam optics and a
PIXcel3D detector (1D scanning mode, 3.347° active length), using CoKex radiation.
The sample was analyzed overa range of 4 to 85° 26, with step width of 0.0262606°
20and a total dwell time of 300 s/step, while spinning horizontally. Phase identifi-
cation was carried out with the DiffracPlus Eva 10 software (2004) and ICDD PDF-2
database (2004). Siroquant V4 (2014) was used for phase quantification.

Organic Carbon Quantification. To determine organic carbon percentages
across the M/P boundary, 10 samples from Site 967 and 11 samples from Site
969 were chosen. All samples were analyzed at the Environmental Analysis Lab
(EAL), Southern Cross University. Approximately 0.2 g of dry, powdered sample
was weighed into nickel-lined ceramic LECO boats. An excess (approx. 2 ml) of
5% sulfurous acid was added to each sediment sample and reference sample.
Then, samples were placed on a hotplate at ~100 °C to dry. Analyses were carried
out with a LECO SC832 following the QWORK18-70 and LECO SC832 Operation
Manual, with automatic carbon content measurements.

Biomarker Analysis. For biomarker analysis, ~2 g per sample was sampled
from cores from ODP Site 969.The samples were dried and finely ground using a
mortar and pestle. Powdered sediments were extracted with a Dionex Accelerated
Solvent Extractor (ASE 200) using 90 % dichloromethane and 10 % methanol.
Each cell was heated to 100 °C (2 min), pressurized to 1000 psi (5 min thermal
equilibration), static extracted (2 min), flushed, and purged of solvent residue
using pressurized nitrogen for five cycles.

Preparation of the total lipid neutral (TLN) extract for gas chromatography-
mass spectrometry (GC-MS) analysis. The total lipid extract (TLE) was evaporated
to dryness under N, gas at 45 °C (Caliper TurboVap LV) and hydrolyzed overnight
with 3 mL of 6 % KOH in methanol:water = 8:2. The solution was flushed with
N,, vortexed, and left overnight at room temperature. TLNs were obtained after
three backextractions with n-hexane (3 mL) and washing with MilliQ water (1
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mL) to remove any remaining KOH. Solvent was removed from the TLN under
a purified N, stream at 60 °C. Aqueous layers were combined for FA extraction.
The TLN was taken up in dichloromethane and transferred to a 2 mLvial includ-
inga 100 pLinsertand then reduced to dryness. BSTFA(sigma) (50 ul) was added
to derivatize the TLN, and the solution was heated at 80 °C overnight. Excess BSTFA
was removed as above with a purified N, gas stream. Hexane was added to the
TLN for immediate GC-MS analysis.
FA extract preparation for GC-MS analysis. Combined aqueous phases from
the TLN extraction were acidified to pH 1 with HCI (32%). The FA fraction was
extracted from the acidified solution using dichloromethane and treated as above
to derivatize with BSTFA.
Gas chromatography and mass spectrometry. GC-MS analyses were carried out
on an Agilent 6890 GC coupled to a Micromass Autospec Premier double-sector
MS (Waters Corporation, Milford, MA). The GC is equipped with a 60 m DB-5MS
capillary column (0.25 mm internal diameter, 0.25 um film thickness; Agilent)
and used helium as the carrier gas at a constant flow rate of 1 mLmin~". The MS
source was operated at 260 °C in El-mode at 70 eV ionization energy and with
8,000 V accelerating voltage. Samples were injected in splitless mode into a
Gerstel PTV injector, which was ramped from 60 °C (hold for 0.1 min) to 300 °C
at260°C/min and held at the maximum temperature for the remaining analysis
duration. For full-scan analyses, the GC oven was held at 60 °C for 4 min, heated
to 315 °Cat4 °C/min, with a final hold time of 22.3 min.The AutoSpec full-scan
duration was 0.7 s plus 0.2 sinterscan delay over a 55 to 600 Da mass range.
All samples were injected in n-hexane to avoid chromatographic signal deterio-
ration by FeCl, build-up in the MS ion source through use of halogenated solvents.
All components were quantified relative to the 18-MEAME internal standard (m/z
340), using characteristic parent-to-daughter ion mass transitions (m/z in brackets,
n-alkanes (85), n-alkanols (75), dinosterol (69), C30 diol (69), friedelin (205),
gammacerane (191), tetrahymanol (191), archaeol (85), respectively). Peak areas
are uncorrected for GC-MS response differences. All data required for calculation
of indicated ratios in the main text are in S/ Appendix, Table S3.

Pollen and Microcharcoal Analysis. To determine pollen and microcharcoal
concentrations, ~1.25 cm® of sediment was dispersed in Calgon (3%) and placed
in a low-temperature water bath for %2 h and then on an agitator overnight to
further loosen the sediment; a Lycopodium tablet was added (9666 spores) to
enable pollen and charcoal concentration calculation. Samples were then treated
with HCI (10%) in a warm bath to remove carbonates and were then sieved at
>125 pm; the >125 um fraction provided no relevant material (plant or seed
material). A heavy liquid (lithium heteropolytungstate) with 2.01 density (spe-
cific gravity) was then used to separate mineral matter from the organic fraction,
followed by acetolysis which removes cellulose and stains the pollen. Samples
were then mounted on slides with glycerin; the cover slip was sealed with nail
polish. Glycerin aids identification and provides movability on the slide. Distilled
H,0 washes, repeated two to three times, were completed for all steps.

Mediterranean Evolution.
Flooding phase oxygen concentration. Following recent studies on the
post-Messinian megaflood, we assume water level drops of 2,000 m and 1,750
m for eastern and western basins, respectively, before the flood (2). To allow all
possible Mediterranean geochemical configurations, we separately considered,
1) largely hypersaline conditions and 2) largely oligohaline conditions before
Atlantic reconnection. For the largely hypersaline scenario, we updated initial east-
ern basin Messinian brine salinity to 200 PSU to generate a residual brine layer
atflood termination (choice validated by ref. 2, because all western basin brines
will be transferred to the eastern basin below 220 PSU). A brackish water (20 PSU)
layer of 100 m thickness was included above the brines for this scenario. In the
largely oligohaline case, only 3% by volume of the deepest parts of each basin was
filled with gypsum-saturated brines (140 PSU), while the rest of the deep basins
were filled entirely with brackish waters. Flood velocity, energy, and western and
eastern basin salinity evolution for both scenarios are calculated according to
published methods, using the most recent Mediterranean hypsometry (2, 4). We
use a 20 % mixing efficiency during flooding (for mixing of less-saline waters with
dense brines) because proxy data agree well with this value (2).

During the firstflooding stage, the western Mediterranean was refilled rapidly by
Atlantic waters. Modern observations indicate that turbulent rapids and falling water
rapidly become oxygen saturated, commonly reaching supersaturated levels up to
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180 % further downstream (43-45). Due to the high flow energy and turbulence,
we assume that oxygen-saturated normal marine flood waters (36 PSU salinity,
15 °C temperature) enter the western basin. To calculate the Atlantic inflow satu-
rated oxygen concentration (OXy,qic) We incorporate the Gibbs Sea Water (GSW)
OceanographicToolbox in our model. The GSW toolbox function 02so/ calculates the
saturated oxygen concentration, depending on floodwater salinity and temperature.

The mixing extent of Atlantic waters with western basin fluids (hypersaline or oligo-
haline) depends on available flow kinetic energy reaching the basin surface. If the flow
energy exceeds the potential energy gain required for complete mixing, the entire
water column will mix with incoming Atlantic waters. If the flow energy is insufficient
to mix with western basin water completely, a portion of the brine column will be
mixed, creating a “mixed layer”. Following ref. 2, we compute the mixing extent using

KE,, = PEgp
H+h H+h H
=J Pm920zAz) — <I psgzdzA(Z)+J pngdZA(z)>:
He-h—Hypig H He+h—Hypiy

(1]

where KE,, is the flow kinetic energy available for mixing, P, is the potential
energy gain during partial mixing, H is the total water column thickness before
mixing, h is the seawater layer thickness that floods into the basin per timestep
(per day), Hy;ds the mixed layer thickness, g is the acceleration due to gravity,
A(z)is the basin surface area with depth (z), and p,,,, p,, and p, are densities of the
mixed layer, Atlantic waters, and Messinian brines/brackish waters, respectively.

Mixed layer thickness (H,;;,) can then be used to calculate the mixed layer
volume (Vyy, ,eq))- Therefore, the western basin mixed layer oxygen concentration
at each timestep will be

0 _ OXAtIantic X Or’n
XuMed = :

(2]

VMiX[ wMed]

During flood stage 2, the eastern basin is filled by western basin mixed layer
waters through Noto Canyon (2). Thus, the eastern basin inflow oxygen concentra-
tion (Oxyyy) is determined by the properties (salinity, temperature) of the western
basin mixed layer. Eastern basin mixed layer thickness and volume are calculated
using Eq. 1. Therefore, the eastern basin mixed layer oxygen concentration at
each timestep will be

0 _ OXNoto X Or’n
XeMed =

VMIx[eMed] [3]

Once the eastern basin reaches the Sicily sill level, the Noto Canyon cascade
terminates. During final stage flooding, both western and eastern basin levels rise
to the Atlantic level. The eastern basin becomes salinity-stratified at the Sicily sill
level, while the western basin becomes a normal marine basin. We assume that
oxygen contents in the western basin, and in the eastern basin below the Sicily sill
level, remained constant due to diminished flow energy during final flooding (2).
Sensitivity Test 1. Flooding phase evolution fora completely desiccated western
basin.

To test whether brine transfer from the western basin is required for eastern
basin stratification, we run our model simulation for a completely desiccated
western Mediterranean. Our results indicate that, even without brine transfer,
the eastern Mediterranean will be salinity-stratified at the Sicily Sill with a 66
PSU salinity below sill level.

Postflood Eastern Mediterranean Oxygen Consumption. Our flooding
model indicates that the eastern basin is mixed to a ~3,300 m depth due to the
flood energy (at 20% mixing efficiency as in ref. 2) and that oxygen concentrations
within the mixed layer can reach up to 170 umol kg™ for the hypersaline scenario
(200 umol kg™ for the oligohaline scenario). As density stratification prevents
deep water formation, oxygen consumption will occur due to sinking organic
matter. Our proxy data suggest a period of 8 to 12 thousand years to consume all
oxygen by sinking organic matter (based on biomarker data and peak S contents
and rising Mo contents at ~5,325 kyr and subsequently increasing pyrite contents
back to Messinian levels at 5,321 kyr).

To estimate oxygen consumption rates with time, we calculate the relative
eastern basin barium flux. Marine barite (BaS0,) is a major water-column partic-
ulate Ba carrier and is precipitated during phytoplankton decay, which produces
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a positive correlation between biogenic barium and organic carbon flux to the
seafloor (47, 48). Algorithms developed on this relationship are used to estimate
past ocean basin productivity, including for the Mediterranean (47, 48).

The goal of organic carbon flux calculation is to obtain a range of possible
productivity values through the mystery sapropel period for the entire eastern
Mediterranean. Ba flux calculations across sapropel-marl cycles for different east-
ern Mediterranean sites indicate that the export productivity pattern remains
largely the same over the eastern Mediterranean (56). Therefore, we scale the
Mediterranean Ridge productivity value to different maximum productivity curves
applicable to different eastern basin regions. To estimate the biogenic Ba flux, the
terrigenous Ba component should be removed, usually using conservative ele-
ment concentrations such as Al. Therefore, the biogenic Ba flux can be written as

Babio = Batota/ - <AIX %)' [4]
aluminosilicate

where Bay,, is the biogenic Ba content, Ba,, is the total Ba content, and Ba/
Al uminosiiiate 19 the terrigenous Ba/Al ratio, which is considered here to be 0.0019
for the eastern Mediterranean (49). To scale the Al content in Eq. 5 with respect
to Ba, we use a range of Ba/Al values for the Early Pliocene for both sapropel and
marl intervals (S/ Appendix, Fig. S9). Our calculations indicate that the biogenic
Ba flux does not have a majorimpact on oxygen consumption time scales. Then,
the Bay, flux (Fg,) can be estimated using
MAR
100

; Bay,, X
827 0.209l0g(MAR) — 0.213' 51

where MAR is the mass accumulation rate. New production (P,,,) can then be

new:
estimated using

F,,x0.171x 365}5218 5¢ 70476-00047883) \ "%
Prew = ) [6]

new 2056

where Bay is the mean Mediterranean dissolved Ba concentration and z is the
water depth at the deposition site. Surface primary productivity (PP) s then given by

PP =20(P,,, )", 7]

With the above parameterizations, we can estimate eastern Mediterranean
export productivity. We, thus, use uncalibrated ODP Site 969 XRF-CS data for
export productivity reconstruction, scaled using a relative productivity curve.
Subsequently, these values were converted to absolute productivity curves that
are applicable to the entire Mediterranean.

Mediterranean paleoproductivity estimates indicate that surface primary pro-
duct|V|t¥ during peak sapropelintervals generally ranged between 30 and 60 gC
m~2y~", with extreme values of 15 gC m~2y~" and exceeding 120 gC m 2y~
recorded (49,50).To generate a relative productivity curve, we assume that the
maximum absolute surface productivity was reached at the point of maximum Ba
flux following the M/P boundary. Eqs. 5-7 are then used to calculate relative PP
values. Assuming a constant sedimentation rate through the mystery sapropel,
we use a ratio of 1.3 for MAR,,,,/MAR,,,,¢; during precession maxima for Eq. 5.
If PP,,,,, contains all PPvalues calculated using Ba and Al counts, then the relative
productivity curve PPy, will be

P’D Array) [ 8]
PR

(Array)

PPR(A rray)

where PP s the maximum value in PPy, which occurs at maximum Fg,.

. o X
Therefore, the maximum PPy, value also occurs at maximum F, (PPZ’(AW) 1)

Then, the absolute productivity curve (PP,q,,) can be estimated using

PPabs (Array) — PPR(Array) X PPmaX [9]

abs !
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where PP} is the chosen maximum absolute productivity value. We estimate
absolute surface productmty curves at chosen PP values ranging between 15
and 150 gCm~2y~".

In modern settings (including the Mediterranean), a maximum of ~25 %
of surface primary production leaves the photic zone. A further 60 to 80 % of
organic carbon export below the photic zone is oxidized within the next sev-
eral hundred meters (57, 58). We use these values to estimate organic carbon
export with time, below Sicily sill level (present depth = 430 m). Therefore,
total organic carbon export to the deep basin (Cyygeep) through time can be
estimated using

Cexp(deep) - PP abs(Array) x0.25%x 0.3 x ASIC/Iy' [1 0]

where Ag, is the Mediterranean area at the Sicily sill level. A molar ratio of
1:1.4 for organic carbon: Oxygen is employed to calculate cumulative oxygen
consumption below the stratification. Upward turbulent oxygen diffusion is much
slower than the organic carbon sinking rate, so the average oxygen consumption
rate (R,,) below the Sicily sill is

R Cexp (deep) x 14

0x 12 !
where the denominator is the molar mass of Cin g mol™".
Bay,, Bag, and zin Eqs. 5 and 6 are constants, so initial use of a relative produc-
tivity curve does not affect the result. To represent the range of potential values, we
used a range of maximum productivity values as mentioned in Eq. 8.To evaluate
our results, we employ a Monte Carlo-style approach to introduce a broad range of
maximum surface productivity values for the eastern Mediterranean (S Appendix,
Fig. 58). We evaluate our simulation for 250 random surface productivity values
between 15and 150 gCm™?y ™" This test gives us arange of values for deep-basin
organic carbon export and oxygen consumption through time, and reproduces the
individual curves obtained using selected PP, values in Eq. 10. Our additional
test further proves that for maximum productlwty values of 45gCm™=2y ™" or lower,
a 12,000y or greater oxygen consumption phase can be maintained in the deep
eastern Mediterranean.

(11]
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