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The Red Sea, a nascent ocean basin connected to the Indian Ocean via a shallow
strait, is assumed to have experienced significant environmental changes during the
last glacial period due to a sea-level drop likely exceeding 110 m. This study investi-
gates the hypothesis that hydrodynamic restriction led to severe ecological impacts,
including basin-wide extinction due to elevated salinity followed by a short time
of oxygen depletion. Uranium—Thorium dating of deep-water corals (DWCs) from
26 northern Red Sea sites reveals coral growth during and after the Last Glacial
sea-level lowstand, indicating tolerable seawater chemistry. Additional geochemical
data show no significant difference in Red Sea chemistry or temperature between the
Latest Pleistocene and Holocene. A meta-analysis of 27 deep-sea cores reveals that
while planktonic foraminifera experienced local extinction, other microfossil groups
seemingly persisted. These findings suggest that the Red Sea survived the last sea-level
lowstand, challenging the paradigm of a complete ecological collapse and providing
insights into the resilience of marine ecosystems.

Red Sea | last glacial maximum | deep-sea corals | geochemistry

The Red Sea connects to the Indian Ocean via the 20-km-wide Strait of Bab-el-Mandeb.
The shallowest part of this connection, the Hanish Sill, is only 137 m deep. Evaporation
exceeds the freshwater input, and marine conditions are only safeguarded by seawater
inflowing from the Indian Ocean, making the Red Sea Earth’s warmest and saltiest “normal”
marine basin. Lower glacioeustatic sea level is expected to reduce the strait’s profile, thereby
decreasing water—mass exchange with the Indian Ocean. A significant hindrance in this
exchange would profoundly affect Red Sea temperature, chemistry, and ecology.

Seabed core studies indicate a significant increase in Red Sea salinity during the
Pleistocene sea-level lowstands (1-7). The pelagic record (foraminifera, pteropods, and
coccolithophorids) suggests salinity rose at least as high as 50 PSU (5-10) during the Last
Glacial Maximum (LGM), defined by Clark et al. (11) to span 19.0 to 26.5 ky BP. The
Red Sea “aplanktonic” interval (8, 12) is believed to be an ecological response to lethally
high-salinity. Glacial-age sediments host dolomite and inorganically precipitated aragonite,
possibly deposited during supersaturated conditions (13, 14), and evidence from fossil
reefs indicates important faunal changes between the last interglacial and Holocene biota
(15). In the last 13 ky, faunal [pteropods (16)] and sedimentological [sapropel (3, 6, 10,
17)] evidence document episodes of bottom-water stagnation and oxygen depletion.
Obviously, these oceanographic scenarios strongly reverberated upon the basin’s biota. At
the extreme, Klausewitz (18) suggests the Red Sea resembled a hypersaline lake during
the last (and presumably penultimate) glacial seal-level lowstands.

All together, these arguments have been taken as indication of basin-wide extinction
of shallow-water fauna (15, 19), logically extending to extinction in deep water too (20).
Under this scenario, Holocene recolonization of the Red Sea fauna would only have started
~15 ky BD, with the re-establishment of normal marine conditions facilitated by rising
sea level and unfettered connection to the Indian Ocean. Yet, water stagnation and pro-
longed oxygen depletion at depth is known to exert strong control on deep sea benthos,
like corals (21), up to local extinction (22).

For reasons still debated, planktonic forams possibly persisted through the last glacial
lowstand in at least two refugia—the northern Gulf of Agaba and the southern Red Sea
(1, 12). Survival of these protists advocates that lowstand restriction did not completely
sterilize the basin. Lowstand refugia are also supported by the exceptionally high levels of
endemism for Red Sea fish and invertebrates (23-25). The coral central to this study,
Rbizosmilia valida, is one such Red Sea endemic. Considering estimates of evolutionary
rates, it is hard to reconcile that the abundance of endemics evolved only within the last
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Significance

The prevailing hypothesis
suggests that life was
extinguished in the Red Sea
when sea level fell at least 110-m
below present at the end of the
Last Glacial period. This
sterilization is thought to have
occurred because that drop
restricted the basin from the
Indian Ocean, inducing a
hyper-salinity crisis. Dating and
geochemical analyses of deep-
water corals which we collected
during submersible dives,
however, shows this delicate
ecosystem to have thrived, even
during the last sea-level
minimum, with seawater
temperature and chemistry
broadly similar to today. Our
findings challenge the paradigm
of a complete ecological collapse
in the Red Sea during the last
sea-level lowstand. Our results
imply that the basin’s fauna
endured for a longer timescale
than earlier estimates.
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15 ky—unless they nimbly migrated back-and-forth between the
Gulf of Aden and Red Sea as sea level oscillated.

A pair of hypotheses have been proposed to explain the creation
of lowstand refugia. The first hypothesis states that intensified
rainfall at the close of the last glacial tempered the high salinity
induced by restriction (26-31). However, it is an open question
as to whether wet periods follow glacial maxima or occur within
them (32-34).

The second refugia hypothesis contends that the late glacial
Bab-el-Mandeb was not completely closed (35), even when the
sea level dropped >110 m below present between 18 and 20 ky
BP (36-38). Bailey et al. (35) advocate connection to the Indian
Ocean was maintained via a channel at least 4 km wide and 15 m
deep. On this, Lambeck et al. (39) argue that the residual flow
through this narrow channel would have been insufficient to pre-
vent a major increase in Red Sea salinity and decrease in temper-
ature during glacial maxima. Biton et al. (5), meanwhile, propose
a more moderate sea-level drop of 105 m.

The primary evidence for glacial lowstand sterilization of the
Red Sea, as well as possible refuges from it, comes from planktonic
forams, and to some extent, pteropods. While useful, these data
have at least three limitations. First, there are few seabed cores in
the Red Sea from which forams have been counted compared to
the large size of the basin. It would therefore seem premature to
make conclusions about lowstand extinctions versus refugia.
Second, the tolerance of forams to high salinity might not be
representative of all normal marine biota. Appraising the persis-
tence, or not, of other biota through the last sea-level lowstand
would be informative. Third, planktonic forams only audit hab-
itability of the shallow photic zone. Quantifying the glacial per-
sistence of biota in deeper water would be illuminating.

To advance our understanding of glacial restriction on the Red
Sea ecosystem, we have sampled deep-water coral (DWC) skele-
tons at 26 sites in the northern Red Sea (Fig. 1), an area considered
to be outside of any possible refuge. Using Uranium—Thorium
(U-Th) dating, we evaluated whether these deep-water, sessile,
Scleractinia survived the last glacial lowstand. We further used
clumped isotope thermometry, stable isotopes, and measurements
of radiogenic strontium to determine the changing character of
the seawater in which these DWCs lived. This unique dataset
brings constraints on whether the ecological development of
semi-restricted rift basins is interrupted by high-frequency sea-level
oscillation. In particular, it allows us to arbitrate whether the
exceptionally diverse (and endemic) modern Red Sea fauna has
developed within the last ~15 ky, after the main deglaciation phase

Leptoseris
_*R. valida

Fig. 1. Locations of sampled corals and seawater in the northern Red Sea.
Two coral species were collected: Rhizosmilia valida from 20 sites at depths of
400 to 720 m, and Leptoseris cf. striatus from six sites at depths of 80 to 90 m.
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reestablished connection to the Indian Ocean. Additionally, our
findings shed light on the response of marine ecosystems during
episodes of rapid environmental change.

Results

The Microfossil Evidence for LGM Red Sea Sterilization Is
Equivocal. Meta-analysis (Fig. 2) reveals that barren intervals
of microfossils exist but vary among planktonic and benthic
forams, pteropods, and coccolithophores (coccoliths). For
planktonic forams, we do not find any barren intervals in any of
the cores from the Gulf of Aqaba during sea-level lowstands. In
contrast, such intervals appear in almost all north and central
Red Sea cores during the LGM (Marine Isotope Stage—MIS
2) but only in three out of seven of those from the Penultimate
Glacial Period (MIS 6). Five cores from the southern Red Sea lack
aplanktonic intervals altogether. Planktonic forams were only
absent in one core which penetrated MIS 4. During that marine
isotope stage, eustatic sea level only fell to 100 m below present
(40, 41) (Fig. 24). Assuming the Hanish Sill to have situated at
137 m, as it does today, the MIS 4 lowstand should not have
isolated the Red Sea and therefore would not be expected to be
accompanied by faunal loss. Benthic forams persist through all
the glacial lowstands. As do coccoliths, save for the northernmost
core collected in the Gulf of Aqaba, in which they are reported
briefly absent by Winter et al. (42) after the LGM, else shifted
to species tolerant of high salinity (43, 44). Pteropods are only
reported absent in two cores collected in the central Red Sea,

both during the LGM.

Uranium-Thorium Geochronology of Coral Skeletons. During
our submersible dives, we encountered the same abundant R.
valida death assemblages (Fig. 3) as Qurban et al. (51). Rare live
specimens occurred only as isolated colonies. Clearly, R. valida
was much more abundant in the past than in the present. Based
on our own observations, and specimens collected by Scheer and
Pillai (52), this endemic DWC species occupies a depth range of
300 to 750 m, situating it within Red Sea Intermediate Waters, as
defined by Sofianos and Johns (53). The lifespan of R. valida has
yet to be determined, but we presume it to be measured on the
scale of centuries as opposed to decades, as is common for deep-
water Scleractinia (54). U-Th dates of our 26 coral samples are
presented in Fig. 4 and Dataset S1. For samples older than 10 ky
BP, the average 95% CI extend 488 years either side of the mean
value. For the younger corals, the deviation is 137 years. We judge
these uncertainties to be within acceptable limits to distinguish
Pleistocene- vs. Holocene-aged corals.

Deep-water R. valida corals range in age from 0.8 to 17.8 ky
BP, while Leptoseris corals exhibit a narrower age range of 0.9 to
7.8 ky BP. When these ages are compared against three sea-level
records (36—38), seven R. valida corals are found to date back to
the last Pleistocene lowstand. Notably, two of these samples pre-
date the onset of rapid sea-level rise associated with the initiation
of the main deglaciation phase around 16.5 ky BP (36) (Fig. 44),
with a further acceleration occurring after meltwater pulse 1a at
14.5 ky BP (55). DWCs clearly inhabited the N. Red Sea when

connection to the Indian Ocean was restricted.

Clumped Isotope Thermometry of Coral Skeletons. Clumped
isotope (A4;) thermometry examines the thermodynamically
controlled “clumping” of C and 'O isotopes within the
carbonate lattice (56, 57). Unlike conventional oxygen isotope
paleothermometry, A, does not require knowledge of the 8'*0
values of the water in which the carbonate formed. Temperatures
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Fig. 2. Meta-analysis of Red Sea coring studies on the presence/absence
of four microfossil groups: Planktonic and benthic foraminifera (forams),
pteropods, and coccolithophores (coccoliths). (A) Horizontal colored lines
indicate the persistence of each microfossil down-core, with black boxes
marking intervals where microfossils are absent. Compiled as Dataset S1.
Gray bars represent sea-level lowstands. Sea-level curve from Rohling et al.
(45). (B) Core locations in the Red Sea, as reported by Re = Reiss et al. (8), Fe
= Fenton et al. (12), Ba = Badawi et al. (46), Le = Legge et al. (44), Wi = Winter
et al. (42), He = Hemleben et al. (7), Lo = Locke and Thunnel (1), Iv = Ivanova
(10), Al = Almogi-Labin et al. (9, 16, 47, 48), Be = Berggren and Boersma (49), Ch
= Chen (50). Black circles indicate cores with intervals barren of microfossils;
white circles indicate cores without barren intervals.

retrieved from our corals span 12.34 to 38.75 °C, with an average
0f23.85 °C (Fig. 4B). This is somewhat warmer than the 21.35 °C
modern average N. Red Sea temperature at 400 m depth measured
during our 2020, 2022, 2023 summer/winter research cruises
(31). Note, Ay, thermometry is accepted to have an external
precision of ~0.01%o, equivalent to ~3 °C (58). Corals exhibit
species-specific isotope ordering in their aragonite, known as “vital
effects,” unfortunately unknown for the species we sampled. A
substantial deviation of the A, derived temperatures recorded
by the corals is therefore eminently plausible.

To avoid overreaching our results, we rather consider the trend
in temperature that the corals chart through time, as opposed to
the absolute A, data. A linear fit through the data suggests the
Red Sea to have warmed by ~3 °C since 17.8 ky BP (Fig. 4B), in
harmony with the prediction that hydrodynamic restriction
should deliver cooler temperatures (6, 59), perhaps by as much as
4 to 6 °C. Hence, our A, support the notion that the Red Sea
was more restricted than present during the last sea-level lowstand.
However, t-tests of the A, data report no significant difference
between the Holocene and Pleistocene at the 95% CI (SI Appendix,
Table S1), supporting the hypothesis that the mesopelagic water
mass in which our DWC specimens lived was not severely altered
by the lowstand. Nor do the results of the Pettitt test find any
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significant direction changes in the thermometry data at the 95%

CI (S Appendix, Table S2).

Radiogenic Strontium. Radiogenic strontium isotopes (*7Sr/5Sr)
are believed to be homogenously distributed in the global ocean
because the residence time of strontium (10° y) is >1,000x the
ocean mixing time (60, 61). Therefore, when the 87Sr/%°Sr ratio
within a basin deviates from the global secular marine signal, it can
be indicative of restriction. Once exchange between the basin and
the global ocean is impeded, two primary mechanisms change the
seawater ' St/**Sr ratio: Riverine runoff and hydrothermal input.
Both are relevant to the Red Sea (62, 63).

To establish the modern Red Sea ¥Sr/°Sr ratio, we measured
26 water samples. Our results, as well as those published by
Kuznetsov et al. (64), indicate that the modern Red Sea is sufh-
ciently connected to the Indian Ocean to maintain the global
radiogenic strontium signature (0.709202 + 0.000003).
Additionally, our Late Holocene coral samples also have *Sr/**Sr
ratios that are indistinguishable from modern (Fig. 4C), implying
that their skeletons indeed record the *Sr/%Sr signature of sea-
water. If the Red Sea was meaningfully restricted durin% the last
lowstand, we hypothesize that its corals would display *’Sr/*Sr
ratios that substantially differ from modern seawater.

To bound that hypothesis, we developed a box model to track
the ¥Sr/*Sr ratio of seawater under the influence of ephemeral
rivers (“wadis”) and hydrothermal vents (S Appendix, Fig. S2 and
Materials and Methods). We contend these sources to be the dom-
inant inputs of radiogenic strontium into an isolated Red Sea.
That model advises that if the Red Sea were isolated from the
Indian Ocean, the narrow bounds of the global 8781/%°Sr seawater
signature (0.709202 + 0.000003, diagonal line S/ Appendix,
Fig. S2) could only be sustained through either negligible contri-
bution from both hydrothermal and riverine inputs or a hydro-
thermal input twice that of the riverine flux (S Appendix, Fig. S2).
Developed in Discussion, we consider both scenarios unlikely.

Consider Fig. 4C which plots the 87S1/%°Sr ratios of the corals
versus their age. We frame these data against the range in the
87Sr/%°Sr ratio of modern Red Sea seawater which we measured
(green envelope). A linear fit through those data advises their ratio
to have increased between 18 ky BP and present by 7¢°. Monte
Carlo analysis shows, however, that the Sr/*Sr values of the Late
Glacial corals are not significantly different from the Holocene
ones (SI Appendix, Table S1).

While not definitive, our strontium data and box model suggest
that even during the last sea-level lowstand, water exchange
between the Indian Ocean and Red Sea must have been substan-
tial. This is further supported by both the t-test and Pettitt tests.
Neither report significant changes through time (S/ Appendix,
Tables S1 and S2).

The 5'20 Value of Coral Skeletons. The '°0 value of coral
carbonate (8'°0) is mediated by the vital effects of the organisms
that precipitate it and by the 8'*O values and temperature of
the waters they inhabit (65). With regard to temperature, due
to unknown vital effects in the studied species, we are agnostic
to the notion that our Ay, thermometry data (Fig. 4B) inform
on absolute Red Sea temperature but rather suppose they advise
that its temperature was relatively stable over the last 18 ky. We
therefore attribute the increase in the 'O . values in the Late
Glacial to an increase in evaporation rate relative to the exchange
with the Indian Ocean, effectively concentrating §'°O values of
the Red Sea (8'°Ogg). The trend toward more negative 8O
values during the Holocene is then consistent with increasing
exchange between the Indian Ocean and Red Sea and the melting
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Fig. 3. R.valida death assemblages photographed during our submersible dives. Water depths and scales as noted. (A) and (B) show skeletons dissolving from
cemented monospecific thickets of R. valida in life position and accumulating nearby on the seabed. (C) highlights the instability of the cements in modern seawater,
with the underside of a fossil reef mound dissolved while the top is protected by a thin layer of hemipelagic mud. (D) and (E) depict skeletons accumulating
several meters below the fossil mounds on steep slopes. (F) Close-up of one such accumulation.

of glacial ice caps. The ~1.2%o increase resulting from ice melt
(66, 67) accounts for approximately 50% of the 2%o change in
8'°O¢ over 18 ky (red line, Fig. 4D). The Late Glacial 80
values are not significantly different to those from the Holocene
(SI Appendix, Table S1). However, the §'*O¢ values become
more negative around 6.5 ky BE as noted by the Pettitt test
(SI Appendix, Table S2).

Had the mesopelagic water mass occupied by our sampled
DW(Cs suffered a lowstand salinity crisis, Late Glacial §'*Oyg val-
ues might have been more positive. Consider Hamelin Pool, for
instance, a restricted embayment in Western Australia with a salin-
ity double that of the open ocean and average 8'*O values increased
by +3.16 to +5.27%o (68). If the Red Sea had been severely isolated
during the last glacial lowstand, it might be reasonable to expect
a far greater increase in the 8'*Oyg values than evident in Fig. 4D.

Discussion

Continuous DWC Growth Since 18 ky. Today, the Red Sea connects
to the Indian Ocean via the 137-m deep Hanish Sill. The sill’s
depth may not have been constant since the last glacial lowstand
due to active tectonics—it lies adjacent to the volcanically active
Hanish Islands. Mitchell et al. (13), however, build a compelling
case for only minor changes in sill topography back to the Mid
Pleistocene. Therefore, the three sea-level curves shown in Fig. 44
likely inform on the connectivity between Red Sea and Indian
Ocean since 20 ky BP.

R. valida skeletons were collected at 20 sites between 400 to
720 m water depth. So situated, these fossils resided sufficiently
deep as to ensure they have not been subaerially exposed since the
Pleistocene. At six additional sites, we sampled the mesophotic
coral species Leptoseris between 80 and 90 m depth. Their skeletons
returned dates between 0.8 and 7.8 ky BP. According to Fig. 44,
these samples also avoided subaerial exposure. If our fossils have
undergone diagenesis, we are confident that it is only of the marine
variety. This is relevant because diagenetic alteration by meteoric
waters during subaerial exposure is disruptive to the U-Th ages
and primary geochemical signals of coral carbonate.

https://doi.org/10.1073/pnas.2415559122

U-Th geochronology returned coral ages ranging from 7.5 to
17.8 ky BP. Because the sea-level position during this timeframe
is crucial for evaluating the extent of the Red Sea’s restriction from
the Indian Ocean, we compiled three sea-level curves (Fig. 44)
derived from various proxies across different geographic regions.
At the broadest spatial extent, the curve of Lambeck et al. (36)
charts global eustatic sea level. By including sea-level indicators
from the Western Indian Ocean, Camoin et al. (37) provide a
regional curve which better informs on the situation outside the
Strait of Bab-el-Mandeb. Then, at the local scale, the curve from
Siddall et al. (38) incorporates indicators from within the Red
Sea basin.

All three studies agree that sea level was at least 110 m below
present at the mean age of 17.8 ky BP for our oldest R. valida
specimens. The record from Camoin et al. (37) suggests a slightly
lower sea level at that time, around —115 m. All three curves place
the lowest sea level during the LGM near —120 m, occurring
around 20 ky BP. Sea level remained in this approximate range
until the end of the LGM, which is commonly dated to 19 ky BP
(11). Even when considering the 95% CI, which extend 488 years
either side of the mean age of 17.8 ky BP for our oldest corals,
the ages do not quite intercept the LGM. However, none of the
curves suggest more than a 5 m change in sea level during the 2.2
ky interval between the lowest LGM lowstand at 20 ky BP and
the mean ages of the corals. While the sea level was undoubtedly
not static during this interval, determining its precise position falls
outside the inherent uncertainties of sea-level reconstructions and
the precision of U-Th dating. We propose that it is reasonable to
conclude that our oldest coral specimens confirm that the Red
Sea was inhabited during its period of maximum restriction.
Indeed, all three sea-level curves suggest that the basin remained
restricted until approximately 16.5 ky B, when the main phase
of deglaciation began (36), as also supported by the alkenone
paleothermometry record of Arz et al. (6). That record reports Red
Sea temperature to begin its rise back towards modern conditions
at 16.5 ky BP. Even when accounting for the 95% CI around our
mean ages, it is clear that the northern Red Sea supported live
R. valida thickets before that time.
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Fig. 4. Geochemistry of coral samples through time. (4) Sea-level changes since 20 ky BP, as reported by Lambeck et al. (36), Camoin et al. (37), and Siddall et al.
(38) charted with 2.5-ky running means. Lambeck et al. (36) pins the major phase of deglaciation to initiate at approximately 16.5 ky BP. Timing of meltwater
pulses 1a (~14.5 ky BP) and 1b (~11.2 ky BP) after Fairbanks et al. (55). (B) Clumped isotope (4,,) thermometry of the coral carbonate. (C) ¥Sr/%°Sr ratios. (D) 8'0 .
values. Horizontal error bars represent 95% Cl around mean Uranium-Thorium ages; vertical error bars, 95% Cls from triplicate geochemical measurements.

As DWCs are famed for their strong negative physiological
response to even minor environmental perturbation, it is curious
that they survived in a restricted basin, while planktonic organisms
perished. Reports of Red Sea aplanktonic intervals hence deserve
scrutiny.

Do Red Sea Microfossils Support Basin-Wide Lowstand Extinct-
ion? Fourteen Red Sea studies examining 27 deep-sea cores audit
microfossils through the last sea-level minimum (Fig. 2). Their
evidence for lethal basin-wide lowstand conditions is equivocal.
If only planktonic forams are considered, a case could be made
for lowstand extinction in the northern and central Red Sea.
Plus, the lack of aplanktonic intervals in the northern Gulf of
Agaba and southern Red Sea might support the existence of
glacial refugia in those locations (1, 12). Curiously, coccoliths,
which inhabit surface waters like planktonic forams, were not
extirpated during the LGM (MIS 2) or the Penultimate Glacial
Period (MIS 6). Pteropods, which occupy the entire water column,
and benthic forams, which live on the seabed, were similarly
unaffected. Microfossil evidence suggests the lowstand Red Sea
was not ecologically impoverished. Could the microfossil record
be misinterpreted?

Restricted basins can respond swiftly and dramatically to minor
events. Short-lived crises, lasting only decades to a century, might
not manifest in a core. More pervasive crises should be apparent.
To ensure quality, we selected only cores with an average sampling
interval of 15 cm or finer (Materials and Methods). Misinterpretation
of the microfossil record may also arise from seafloor remobiliza-
tion by resuspension or gravity flows (31). Alternatively, given the
prevailing circulation of surface waters (53, 69), calcareous shells
of planktonic organisms from the Indian Ocean might drift into
the lowstand Red Sea and deposit there, for instance, even if they
could not survive there. We consider this unlikely. It would pro-
mote aplanktonic intervals in the north of the basin, which is far
from the Indian Ocean connection, while dampening them in the
south. This gradient is absent in the data (Fig. 2). Based upon the
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available evidence, we therefore contend that our microfossil
meta-analysis does not support basin-wide lowstand extinction
due to hypersalinity. Indeed, the apparent survival of multiple
microfossil groups through the last glacial lowstand does not con-
trast with our finding that corals inhabiting mesophotic and mes-
opelagic depths have grown in the basin for most of the last 18
ky. Yet, some caveats still persist, calling to be explored further.

Geochemical Proxies Advocate for Normal Marine Conditions
for Most of the Last 18 ky. Multiple lines of geochemical
evidence suggest the lowstand water mass occupied by the DWCs
which we collected to not substantially differ from modern. To
paleotemperature first. The Red Sea should cool if connection to
the warm Indian Ocean is restricted (6, 59). Clumped isotope
(A4) thermometry data do not advise the temperature of the
northern Red Sea to be significantly cooler prior to the main phase
of deglaciation which initiated at 16.5 ky BP (36), than after it
(Fig. 4B and SI Appendix, Table S1, P = 0.2). Our findings differ
from those of Arz et al. (6), who used alkenone paleothermometry
to reconstruct temperatures in the region as being 4.2 °C cooler
during the LGM, even 8.0 °C cooler around 16.5 ky BP. Their
record was based on the alkenone-producing coccoliths E. huxleyi
and G. oceanica which inhabit the photic zone. In contrast, our
paleotemperature record is derived from DWCs which lived at
much greater depths. Collectively, these observations suggest that
the chilling of the surface water mass due to lowstand restriction
may have been more severe than experienced at mesopelagic depth.

Second, we presume that carbonate precipitated by corals
records the ¥St/*°Sr ratio of the seawater in which they grow.
Using a box model (S Appendix, Fig. S2), we build a case for that
ratio to markedly change if the Red Sea’s hydrodynamic connec-
tion to the Indian Ocean was disrupted. Our model assumes that
in isolation, the ¥Sr/*Sr ratio is influenced by input rivers and
hydrothermal vents. Due to limited data, our model excludes the
presumed minor contribution of acolian dust as a potential radio-
genic strontium source. Published 878r/%Sr ratios for Red Sea
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riverine waters range from 0.7108 to 0.7150 (70-73), consider-
ably higher than the global ocean and modern Red Sea (0.709202
+ 0.000003). Riverine input to the basin would hence raise its
radiogenic strontium value. Hydrothermal fluid ratios from the
Red Sea (0.70702 to 0.70800) are lower than the global ocean
(74-79). That source would lower the seawater ratio.

Box modeling suggests that Red Sea isolation from the Indian
Ocean would only maintain the narrow global ¥’Sr/*Sr seawater
signature (diagonal line S7 Appendix, Fig. S2) with either minimal
hydrothermal and riverine inputs, or a hydrothermal flux double
that of the riverine. The minimal input scenario is unlikely. The
10 ky duration of the last sea-level minimum (41) would seem
ample to affect such changes. Could hydrothermal sources supply
twice the radiogenic strontium of rivers?

While no perennial exorheic rivers flow into the modern Red
Sea, winter rainfall triggers frequent flashfloods (80) and precip-
itation likely increased during glacial periods (26-31, 81).
Although hydrothermal activity has been observed in the Red Sea,
it remains limited (63); oceanic crust accretion is still in its early
stages (82). Thus, hydrothermal strontium delivery is unlikely to
outpace flashflood contributions by the needed factor of two.

Although we cannot entirely rule out that hydrothermal and
riverine 1nputs, along with dust sources, may have maintained
open-ocean 8781/%Sr values in an isolated Red Sea, the most par-
simonious expectation for a restricted Red Sea is a substantial
change in the basin’s radiogenic strontium signature. No such
disruption is evident in the data (Fig. 4C).

Interpreting the temporal 8'°O trend in our corals presents a
particular challenge. In addition to temperature, these values
change in response to the rate of evaporation of Red Sea water, to
ice-sheet melting, and due to the vital effects of the corals them-
selves. We believe the effect of changing temperature of the Red
Sea Intermediate Waters can largely be discounted due to its sta-
bility through time, as ascertained using clumped 1sotopes
Assuming our measured corals faithfully record the 8'°O of the
seawater in which they grew, the ~1%o ice-melt effect (66) might
account for approximately half of the more negative trend reported
in our corals since the LGM (Fig. 4D).

The remainder of that trend can reasonably be ascribed to
increased evaporation from a semi-restricted lowstand Red Sea.
Our Late Glacial DWCs do indeed show slightly more positive
880 values compared to those from the Holocene, but the dif-
ference is insignificant (87 Appendix, Table S1). However the
Pettitt test found a statistically significant change in the §'°O data
at about 6.5 ky BP (SI Appendix, Table S2), when the sea level
reached its modern-day elevation and stabilized (Fig. 44).
Combining coccolith alkenones and 8"%0, Arz et al. (6) estimated
Red Sea surface-water paleosalinity to be approximately 50 PSU
at the 17.8 ky BP mean age of our oldest R. valida skeletons. Values
derived by Hemleben et al. (7) from the planktonic foram 8'*O
record pitch salinity to have reached 53 PSU. Modeling by Biton
et al. (5) suggests a surface salinity value as high as 57 PSU.

Applying the evaporation model presented by Gonfiantini (83)
(Materials and Methods), our 80O data suggest a value of around
45 PSU at that time, after accounting for the ice-melt effect. While
a direct comparison is not entirely appropriate—Arz etal.,
Hemleben et al., and Biton et al. analyzed a shallow water mass
while our study focuses on a deeper one—Dboth the shallow- and
deep-water proxies consistently indicate that northern Red Sea
lowstand paleosalinity was higher than the 40 PSU modern value
at mesopelagic depth (31). Yet, salinity levels evidently remained
within a range tolerated by DWCs, even when sea level stood low.
While individual A, radiogenic strontium, or §'*O values may
not conclusively indicate that the mesopelagic Red Sea’s temperature
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and chemistry remained stable from the Late Glacial to the
Holocene, the consistent support of all three proxies is compelling
evidence for this conclusion.

Conclusions

With a >110 m sea-level fall at the end of the last glacial, the Red
Sea has been hypothesized to have been drastically impacted, poten-
tially to the point of basin-wide extinction. Contrary to this, our
data suggest a more benign effect. DWCs grew during most of the
Late Glacial period, showing no significant geochemical difference
between the Late Glacial and Holocene. Meta-analysis of 27 cores
indicates that while planktonic forams may have been locally
extinct, other microfossil groups persisted. Our study presents a
different perspective on the survival of Red Sea marine biota during
the last sea-level lowstand. Evidence of DWC growth and reevalu-
ation of core records point to a less drastic oceanographic situation.
However, aspects such as the renewal of shallow-water benthic biota
and the persistence of deep-sea benthos under challenging condi-
tions remain unexplained. Our data suggest a more complex sce-
nario than a simple on/off switch for viable conditions.

Materials and Methods

Submersible Sampling of Fossil Corals. Fossil coral skeletons were sampled
during submersible dives from the R/V OceanXplorer on research cruises in 2020,
2022, and 2023 (SI Appendix, Fig. S1). Two species were collected: the Red Sea
endemic R. valida (Caryophylliidae) from 20 sites at depths of 400 to 720 m,
and Leptoseris cf. striatus (Agariciidae) from six sites at depths of 80 to 90 m
(Fig. 7). Note that Qurban etal.(51) identified R. valida as belonging to the genus
Dasmosmilia.This species has since been reclassified as Rhizosmilia (84). Our 26
sample sites all situate south of the Tiran Straits, a tectonically active sill, 70 m
deep atits minimum, which separates the Red Sea from the Gulf of Aqaba (85). So
situated, this study cannot arbitrate the degree of additional restriction endured
by the Gulf of Agaba during the last sea-level lowstand, versus the Red Sea.

Fossil corals were found in two different settings. The first setting saw thick-
ets of the fossil coral skeletons, cemented in life position, in a rock matrix. This
matrix, though, is poorly lithified. The skeletons readily fall out of it as the matrix
dissolves—delivering the second setting for the death assemblage. Here, the skel-
etons abundantly accumulate beneath the blocks from which they have fallen.
Usually, these accumulations situate directly down-slope from their original
position, but in the cases of a particularly steep slope, they might accumulate
several meters away. The resultant piles of R. valida skeletons lightly re-cement
in place. Due to limited strength of the manipulator arms on our submersibles,
we exclusively collected the skeletons accumulating in this second scenario. We
could exclude the possibility of postmortem transport of the coral skeletons which
we sampled from shallower water depths by, for instance by earthquakes and/
or turbidites, because the fossils lay so close to the original life-position thickets
from which they had obviously been shed.

To avoid contamination, only the interior of the coral skeletons was sampled
for geochemistry and geochronological analyses. The exterior was milled away
using a rotary drill. The skeletons were then sonicated, rinsed multiple times
with MilliQ water (18.2 MQ-cm), and dried at 50 °C. Using a hand drill, 65 mg
of powder was sampled from each skeleton and distributed for U-Th age dating,
radiogenic strontium isotope analysis, clumped isotope analysis, stable isotope
analysis of oxygen, and trace metal concentrations.

U-Th Geochronology of Coral Skeletons. The chronology of all fossil coral
samples was established using U-Th geochronometry at the U. Miami Neptune
Isotope Lab. Apprommately 35 mg of powdered skeleton was dissolved in 5 ml
of 0.45 mol I"" HNO, and filtered through a 0.22-um PFAfilter. The samples were
spiked with a mixture of “2’Th/**U/***U and equilibrated for Isotope Dilution Mass
Spectrometry. The molarity of the filtrate was adjusted to >6 mol I HNO, using
distilled high-purity nitric acid to ensure quantitative separation of U and Th from
matrix elements using established U/TEVA (Eichrom™) extraction chromatography.
The elution aliquots containing purified U and Th were evaporated overnight at
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70 °C and dissolved in a 0.45 mol I HNO, and 0.1 mol I”" HF mixture. The U
and Thisotopes were analyzed in separate sessions on a Neptune Plus MC-ICPMS.
The U-Th ages were calculated using an Algorithm in Mathematica assuming
initial 2°Th/%%Th activity ratio of 0.6 = 0.2 to account for detrital (excess) 207,
Choosing larger values does notimpact the age adjustment signiﬁcantly because
the analyzed corals contained low levels of the common ***Th. For additional
details regarding extraction chromatography, isotope mass spectrometry, and
U-Th age calculation and uncertainty propagation, see Pourmand et al. (86).

Modern Red Sea Water Samples. We sampled the seawater at the same sites
where we collected coral skeletons using 1.5-liter Niskin bottles mounted on
two Triton submersibles. Hence, 26 water samples in total. The seawater in each
Niskin was subsampled into 2 ml aliquots, passed through a 0.45 um filter, and
the molarity of the seawater adjusted to 6 mol I”" HNO, using distilled high-purity
nitric acid. We then determined the ®Sr/%Sr ratio of seawater subsamples using
the same methodology as used for the coral skeletons-see below.

Radiogenic Strontium Ratios of Coral and Seawater Samples. We determined
the radiogenic strontium isotopic composition of seawater samples and coral skel-
etons from the Red Sea. Extraction of Srfrom matrix elements was achieved using
the Sr resin (Eichrom™) following established procedures (86). Every five meas-
urements were bracketed with wash solutions and certified reference materials,
SRM987.The measured Sr/%Srratio of the standard was 0.710273 = 0.000007
(n'=21).The values we report are not adjusted to this standard but are corrected
for instrumental mass-bias and isobaric interference (86).

Restricted Red Sea Radiometric Strontium Box Model. We hypothesize that
prolonged isolation during the last glacial lowstand would give Red Sea corals
distinct ’Sr/%Sr ratios from the global ocean. To evaluate this hypothesis, we
developed a box model simulating the temporal evolution of strontium isotopic
composition in an isolated Red Sea. The model used a fixed Red Sea volume
of 2.25 x 10" m? (87) and incorporated strontium inputs from two sources
(SI Appendix, Fig. S2). The first was ephemeral rivers. Based on estimates from
literature, we considered ephemeral riverine fluxes ranging from negligible
values up to 0.5 x 107 kg/y (53). This range reflects the arid climate and lack of
perennial exorheic rivers in the region. We assigned an isotopic value of 0.71271
to the riverine flux, reflecting the average ¥Sr/**Sr values reported for rivers in
the region. (70-73).

The second input in our box model was hydrothermal vent flux, which is not
well-characterized in the Red Sea. We therefore used a range of values from 0 to
0.5 x 107 kgly, assigning an ¥'St/**Sr value of 0.707498 based on the average
of measured hydrothermal values in the basin (74-79). We set the initial stron-
tium concentration to 0.0082 (88), reflecting modern global ocean levels, and
an initial isotopic value of 0.709202, based on our measurements of Red Sea
seawater (Fig. 4C).

Our model assumed no exchange with the Indian Ocean and maintained
a constant strontium concentration throughout the run. It was executed with a
10-year timestep over a 10,000-year period, representing the duration of the
last glacial sea-level minimum (41). The following differential equation describes
the total strontium mass balance of the system

dMs,
dt

= Friver + thdm - kMSﬂ

where Mg, is the total mass of strontium in the Red Sea (kg) calculated based on
the initial concentration of Srand the volume of the Red Sea,F , is the riverine
strontium flux (kg/y), Fy, 4, is the hydrothermal strontium flux (kg/y), and k is the
removal rate constant (y'1), representing strontium removal via sedimentation,
which is calculated independently for each combination of,F,;,., and, 4, to keep
the concentration of strontium constant throughout the simulation.

The isotopic composition balance in the model was then set according to

d(RMS,)

dt = RriverFriver + Rhydro thdro - kRMsu

where R is the Sr/*Sr in the Red Sea at time ¢.R
ratios of the riverine and hydrothermal inputs.

and Ry, are the isotopic

river
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Elemental and Mineral Analysis of Coral Skeletons. The mineralogy of each
coral was determined by dissolving 2.5 mg of its powdered skeleton in 10 ml
of 4% OMNI TRACE HNO,. Concentrations of Ca, Sr, and Mg in this solute were
measured on a Varian Vista Pro Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES) and calibrated using matrix-matched standards. We
report our data as Sr/Ca and Mg/Ca ratios in mmol/mol. This workflow has been
ascertained to deliver precision <1% (89, 90).

Clumped Isotope Thermometry and 5'20 of Coral Skeletons. Despite their
vital effects, corals have been widely used to ascertain past variations in temper-
ature as well as changes in the 5'%0 values of their environment (91). We deter-
mined the A,; and &'°0 values of the coral skeletons using a Thermo 253-Plus
MS using standard methods (92, 93).The 5'%0 values are reported relative to the
Vienna Pee Dee Belemnite (VPDB)(94) in the normal convention and have been
corrected for the usual isobaric interference (95). All samples were analyzed in
triplicate. The A,; values were corrected using both the CO, equilibrated (CDES)
(96) and the Intercarb CDES (I-CDES) scales (58). As the differences between
these correction schemes is <10 ppm and is typically less than the shot noise of
the measurement as calculated using the approach of Merrit etal. (97), we have
used the CDES values for consistency with our previous analyses. As there were
small amounts of calcite in most of the coral samples analyzed, we used the Sy/
Ca ratio of the samples to estimate the percentage of calcite and original arago-
nite in each sample (Dataset S1). We also used the observation of Saenger et al.
(98) that Scleractinian corals form their skeletons with slightly more positive A,
values (equal to about 8 °C) than expected from equilibrium. Assuming that the
calcite in the skeleton formed in approximate equilibrium to the temperature in
which the coral grew, the temperature could be calculated using the relationship
of Swart et al. (93).

The salinity of the seawater in which the corals lived could also be recon-
structed based on the 8'°0 of their skeletons (SI Appendix, Fig. S3). Here, we
applied the evaporation model of Gonfiantini (83) using an initial salinity for
northern Red Sea mesopelagic seawater of 40 PSU (31), a coral carbonate 5'%0
value of +1%q, a 8'°0 value of atmospheric water vapor in approximate iso-
topic equilibrium with the surface water, a temperature of 25 °C, and a relative
humidity of 75%. These values are equivalent to the current average conditions
in the Red Sea.

Error Estimation and Statistical Treatment of Coral Geochemistry Results.
To assess whether the geochemistry of corals which inhabited mesopelagic water
depths during the last glacial lowstand differs statistically from those after the sea
level rose, we divided our samples into two age groups. The first group included
seven Late Glacial corals (older than 11.7 ky BP) and the second group consisted
of 19 Holocene-aged corals. Recognizing the limited dataset size, we employed a
Monte Carlo resampling method to test robustness. Each geochemical measure-
ment was resampled from a normal distribution based on its original mean and
SD.We conducted t-tests on each resampled dataset and repeated this simulation
10,000 times to determine statistical significance (S/ Appendix, Table S1). We also
conducted Pettitt tests on each dataset to determine the change-point direction
(99) (SI Appendix, Table S2). This test identifies the years there is a statistically
significant shift in the data’s overall trend.

Meta-Analysis of Red Sea Aplanktonic Intervals. The disappearance of
planktonic organisms during sea-level lowstands suggests that Red Sea restric-
tion is catastrophic for its biota. Several studies examining a total of 27 cores
have audited the presence/absence of forams, pteropods, and coccolithophores
through the last glacial lowstand. We summarize these data to evaluate the evi-
dence forand against the notion that the Red Sea dies during sea-level minima.
Each core included in our meta-analysis met three criteria: 1) Data were published
and publicly accessible, 2) an accompanying age model was available, and 3), by
means of quality control, microfossils were audited for at an average sampling
frequency of 15 cm or finer. To avoid bias in our meta-analysis, we applied a
consistent ecological presence/absence methodology to the published microfossil
records. Specifically, any reported presence of a microfossil in a given core horizon
was marked as “present” in our analysis, while "absence” was only assigned to core
horizons with zero microfossil counts. Our meta-analysis results are presented in
Dataset ST and as a map showing each core’s location, the persistence of micro-
fossils through time, and the frequency with which each core was sampled (Fig. 2).
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Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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