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Supplementary Note 1.

Stratigraphic evidence of Last Interglacial sea-level instability
The following is a discussion of selected Last Interglacial (LIG) sites that contain
stratigraphically coherent records of sea-level oscillations, mostly from far-field locations
(Supplementary Figure 1). We first discuss sites with stratigraphic superposition (section
1A), followed by sites with reef architecture or geomorphology consistent with intra-LIG
sea-level oscillation(s) but where sediments or reef units do not overlie one another directly
(section 1B) (for a map of sites discussed, see Supplementary Figure 1).

This is intended as an overview (rather than an exhaustive review) of the extensive
literature on LIG sea levels. There is much divergence among records, but we provide a short
synthesis (section 1C) that portrays an emerging picture of LIG sea levels from coral reef
evidence. We report facies and stratigraphic interpretations, and ages as reported in the
original publications. In addition, the sea-level archive and key features of the record are
given in square brackets, where key features are: mH = multiple LIG sea-level highstands;
Fall = inter-LIG sea-level fall(s); Stillstand = LIG sea-level stillstand(s); oscillation =
oscillations in LIG sea levels; mPG = multiple phases of LIG reef growth; ? = evidence
uncertain or debated.

Archives:
m  Reef
@ Sedimentary sequence
@ Notch

Sites:
1. Eritrean Red Sea  12. Western Australia
2. Egyptian Red Sea 13. Italy
3. Gulf of Aqaba 14. Israel
4. Seychelles 15. Tunisia
5. Huon Peninsula 6. Spain
6. Aturo Island 17. Balaeric Islands
7.Bahamas 18. Canary Islands
8. West Caicos 19. Yucatan Peninsula
9. Bermuda 20. Haiti
10 Florida 21. Barbados

Supplementary Figure 1. Global summary of stratigraphic evidence for Last Interglacial sea-level
instability in coral-reef deposits and coastal-sediment sequences. Red dot is the location of the Red
Sea sea-level record.

(1A) CONSTRUCTIONAL REEF OR SEDIMENTARY SEQUENCES

1. Red Sea

1.1. Eritrean Red Sea coast [reef; mH, Fall & mPG]:

The Abdur Reef Limestone complex is a MIS 5e marine terrace sequence that contains two
superimposed stages of shallow reef development!2. The lower unit is truncated by an
intermittent marine erosion surface, which is directly overlain by reef-crest/reef-front coral
assemblages. The erosional surfaces that separatethe marine subunits are interpreted as
periods of interrupted sedimentation and reef growth?. The complete LIG sequence is: a
basal lag deposit overlain by grainstone or floatstone facies, which fines upward to suggest
rapid deepening. This was followed by shoaling and development of a local reef and the coral
proliferation. The top of this marine subunit is a hardground/erosional surface with
submarine lithification, and with biological reworking evident. This is inferred to have
occurred when the surface was at intertidal depths, during or slightly after the sea-level
lowering (the authors are uncertain if the hardground ever emerged). The erosional surface



is overlain by extensive coral reef growth and the typical corals exposed suggest that this is
areef flat in growth position (the authors suggest that this platform rim was near sea level).
This reef unit is overlain by reef subunit 5e3 with encrusting oysters on the surface that may
indicate an additional sea-level lowering or still stand. A subsequent sea level rise is
indicated by patches of in situ corals that overlie this reef unit?. Precise age control for these
reefs is difficult; all current U-series dates! do not meet commonly accepted age ‘reliability’
criteria.

1.2 Egyptian coast, Red Sea: [reef; mH Fall & mPG]:

A continuous coastal reef and beach unit extends along nearly 500 km of the Egyptian Red
Sea coast3. Three distinct sea-level oscillations are suggested for the LIG: (1) a compound
first phase with (1.1) an initial highstand (elevations ~+6 to +8 m) and (1.2) a subsequent
(brief) transgression (~+3 m above the previous highstand) - note, this second phase is seen
only at the protected sites of Sharm el Naga and Sharm el Bahari, which suggests limited reef
growth during this second phase; (2) a short-lived lowstand (with a sea-level drop of up to
10 mRef45; and (3) a subsequent (final) sea-level rise (~+6 m elevation). U-series ages for
corals in this region are often affected by diagenesis and open system behaviour. Plaziat et
al. (1998)Ref4 derive ages for LIG sea-level events by correlating with the global 6180 stack of
Pisias et al. (1984) rather than by direct dating.

1.3 Gulf of Agaba: [reef; oscillation; mPG]

A flight of coral terraces (on an uplifting coastline) offers potential age constraints for the
Red Sea LIG coral record. The superimposed reefs are evidence for sea-level oscillations,
with one and possibly two stillstands, during the last interglacial. The three coral units are
dated at the “Bedouin Village” site®”. The highest terrace (R3) has limited expression and
altered ages (elevation +20 m apsl) but suggests an “earliest part of the MIS 5e highstand
around 132-130 ka”. The second LIG terrace (R2) (elevation +12 to +18 m apsl) is found a
couple of metres below R3 in elevation with sea levels inferred to be +5 m apslé. It should be
noted that the corals have been altered extensively to calcite (evident in most corals in the
R2, R3 and R4 terraces), which complicates dating of these corals. Ages for these sites are
calculated assuming recrystallization during a single period of open-system behaviour that
lasted a few hundred years, followed by closed-system behaviour?.

2. Seychelles: [reef; FALL, mPG]

The Seychelles record®-19 contains evidence of multiple (superimposed) LIG reef growth
generations, with at least one short-lived (“ephemeral”) sea-level fall/stillstand (evident as
distinct lithological and assemblage changes/coral rubble layer). Exposures of patchy
veneers of marine limestones that adhere to granitic boulders in an area protected from
weathering contain exhibit a conglomerate/rubble layer intercalated between coral units8-
10, There appear to be “at least three distinct reef-growth episodes punctuated by two
discontinuities that typically manifest as coral rubble layers or extensive encrustations of
the hydrozoan coral Millepora exaesa”®10. At two sites, extensive dissolution and freshwater
cements are associated with the disturbance layers, which suggest sub-aerial exposure
followed by marine inundation?. U-series ages for the rubble deposition event between the
first and second episodes of reef growth are regionally consistent between two islands at
~126-125 kaReft9 and “may reflect ephemeral sea-level fall”Ref10, Further, “field evidence and
dating from high marine limestones from two sections at La Digue Island indicate a period
of coral buildup until 131,000 yr B.P., followed by a drop in sea level between 131,000 and
122,000 yr B.P.” (Israelson and Wolfarth, 1999). However, “...only two corals from the



Israelson and Wohlfarth (1999) study pass the screening criteria (Fig. 7a): these two corals
have identical ages (123.8 + 0.5 ka) and occur at an elevation near +4 m. These two samples
(90/1 and 90/2) are described as being capped by coralgal-vermetid layers (Israelson and
Wohlfarth, 1999), and if they grew up to the intertidal zone may represent a drop in sea level
from the +6.6 + 0.2 m attained at 125.1 + 0.4 ka.”Ref9, Dutton et al. (2015)Ref9 could not
replicate/corroborate this “tentative” interpretation because the outcrop had subsequently
weathered away. However, the most recent study by Vyverberg et al. (2018)Ref10 confirms
“clear evidence of multiple interruptions in reef growth where well-developed reef units are
separated by disturbance... Our observations are consistent with prior suggestions that the
LIG sea level highstand was characterized by multiple peaks in sea level”. Ages for the two
reef-growth episodes described by Vyverberg et al. (2018)Ref10 are not yet published.
I[sraelson and Wolfarth (1999)Ref8 suggested a magnitude of any sea level fall of ~2 m but,
given that reefs are primarily constructional features, this estimate may not fully capture the
full range of any sea level fall.

3. Huon Peninsula, Papua New Guinea: [reef; mH, Fall?, mPG]

The Huon Peninsula has an extensive (laterally more than 80 kmRef11) flight of uplifted
terraces. The LIG reef VII complex consists of a barrier reef (VIIb), a lagoon, and a fringing
reef (VIIa), which has led some to suggest the possibility of two phases of rapid sea-level
risel1-13, A significant sea-level oscillation is inferred between VIIb and VlIIa, based on reef-
growth interruption beneath the VIIb barrier (marked by a visible sloping surface in one
exposure, with no coral growth crossing the surfacell12, Aharon et al. (1980)Ref14 described
this as an erosional disconformity, associated with a “minor” sea-level fall following an initial
sea-level rise and a subsequent < 8 m rise “during the building of VIIb crest”14. However, a
subsequent expedition in 1988 found no distinctive subaerial features associated with this
inferred reef cessation/sea level falll3. U-series ages!3 for these two reef units fall into two
distinct groups; reef unit VIIb ages cluster at about 118 and 143 ka, and VIla corals (~3 m
below crest of VIIb) centre at about ~118 ka. The apparent lack of corals with intermediate
ages led Stein et al. (1993)Ref13 to suggest two episodes of LIG sea-level rise, despite
significant diagenetic alteration (recrystallization from aragonite to calcite) of corals.

4. Atauro Island: [reef; FALL, mPG]

Atauro Island (north of East Timor/Timor-Leste) has an inter-fingering sequence of reef
units, with Reef 2 corresponding to the LIG and an unconformity separating two LIG
transgressive subunits!-12. In general, three units are recognised in reef 2; reef 2 main (the
main body of the reef) overlies an older reef (reef 2-lower); reef 2-main is capped by cobble
pavement, which is in turn overlain by a shallow water reef. An additional reef 2-late is
recognised in one location and is a small reef remnant beneath a cliff cut into reef 2Ref12, This
sequence is interpreted as an initial episode of reef building, followed by a sea-level fall and
a subsequent reef-growth episode (reef 2-main). Reef 2-main was possibly interrupted
(given the gravels separating reef 2-main and reef 2-upper), although this may have been
due to continued tectonic uplift rather than a sea-level change. A major sea-level lowering
event (~27 m) may have been interrupted by minor sea-level rise and growth of reef 2-
lateRef12,

5. Bahamas: [reef; mH; Fall, mPG]

An extensive erosional surface has been described from two islands in the Bahamas (San
Salvador and Great Inagua islands)1>-20 and an intra-LIG unconformity has been mapped for
5 km in West Caicos?! (in the nearby British West Indies, see section 5.1 below). In the



Bahamas, this erosional surface, with shallow-water borings and burrows, separates two LIG
reef units. On San Salvador, the Cockburn Town reef erosional surface truncates coral-rubble
calcarenite and in situ corals. This surface is also encrusted with shallow water borings and
burrows and occasionally a palaeosol (red caliche) is preserved!®!’. On Great Inagua, the
Devils Point reef erosion surface extends over several kilometres and again truncates coral-
rubble calcarenite and in situ corals. The surface has lithophagid and sponge borings with
rhizomorphs encrusting the surface. This erosional surface in turn is overlain by LIG
corals!>-17, The initial reef unit formed at ~+4 m above present mean sea level (apmsl) and
the intra-LIG event is dated at ~125 to 124 ka and lasted <1.5 kaRef15, followed by a sea-level
fall of ~4 m and subsequent sea-level rise of ~+6 mRefs15-17 However, preservation of
delicate reef-crest facies?223, the apparent lack of Acropora palmata reef crests above +3 m,
and inter-tidal notches preserved at +6 mRef22 Jed Hearty and Neumann (2001)Ref24 and
Neumann and Hearty (1996)Ref22to suggest that the ~+6 m sea-level highstand was of short
duration and occurred at the end of the LIG, rather than during an extended episode of
elevated sea levels. These authors suggested that the late stage, m-scale sea-level rise was
too brief to permit reef development22. Blanchon et al. (2009)Ref25 noted the similarity in
magnitude of the sea-level jump’ (~3 m) between the Bahamas and Yucatan Peninsula, and
suggested that the lack of reef crests at elevations >3 m is due to processes other than sea-
level rise. Recent open-system U-series age determinations on in situ corals!® from the
superimposed reef units from San Salvador and Great Inagua islands suggest at least one
sea-level oscillation during the LIG highstand - “Bahamian geochronology and stratigraphy
indicate four resolvable units, supporting the four oscillations in sea level recorded in Red
Sea core KL11 (Rohling et al,, 2008). There is a 4 + 1 kyr age difference between Reefs Il and
[, which are separated by a wave-cut bench, providing definitive evidence of a sea-level
oscillation (White et al., 1998; Wilson et al., 1998; Chen et al 1991)"Ref19 However, recent
work could not identify these four units, but “found compelling evidence for at least two
distinct generations of reef growth, separated by an ephemeral sea-level fall” (Skrivanek et
al, 2018)Ref20, Conventional (i.e., closed-system) datings have so far been unable to
differentiate between the ages of the two reef units separated by the erosional surfacel>,

although the youngest closed-system ages for the lower reef unit (Reef I) are ~124.5 to 125
kaRef20_

5.1 West Caicos, British West Indies [reef; mH; Fall, mPG]

An exceptionally preserved exposure of LIG reef sequence (with distinct lower and upper
reef units, with ages of ~126.5 and 120.6 ka respectively) has been mapped over ~8.4 km
along the west coast of West Caicos island?!. The lower/early-LIG unit is a fringing reef, with
Acropora palmata core and coralline algal crust indicating sea levels of ~+4 m at 126.5 ka.
An intra-LIG unconformity (mapped over 5 km) with clear evidence for erosion of the lower
reef platform, suggests a brief sea-level fall. In places the lower reef unit is truncated by ~3
to 4 m, suggesting that the intra-LIG sea levels fell to ~+1 m or lower. The upper
(superimposed) reef unit is capped with foreshore deposits at ~+5 m elevation (unabraded
corals that colonised the erosion surface were dated to 120.6 ka). Following this second
highstand, progressively downstepping shorelines document falling sea levels.

6. Bermuda: [reef; 7]

The Devonshire Marine Member (aka Rocky Bay Formation) has been correlated with MIS
5ee8- 2627 and is separated from the underlying Belmont Formation by a solution
unconformity/soil pipes/reddish soil-like deposits. The age (and hence sea-level
interpretation) of the Belmont Formation is contestedes- 2829 At Grape Bay, the contact



between the Belmont Formation (U-series dated to the penultimate interglacial) and the
Devonshire Marine Member is marked by a geosol/soil pipes suggestive of a period of sub-
aerial exposure prior to deposition of the LIG Devonshire Marine Member?°. Hearty and
Kindler (1995)Ref23 and Hearty (2002)Ref30 (reiterated by Hearty et al., 2007Ref18, and Hearty
and Tormey, 2017Ref28) reassigned the Belmont Formation to a member of the Rocky Bay
Formation (correlated with MIS 5eRef26), As a consequence, these authors propose an intra-
LIG sea-level fluctuation (i.e., two highstands?3). However, recent consensus (based on U-
series dating of coral fragments) suggests that the Belmont Formation formed during the
penultimate interglacial?627.2%, rather than during the LIG182830,

7. Florida: [reef; Fall?, mPG]

Within the Key Largo Formation (emerged coral reef-facies limestone with a maximum
elevation ~5.5 m above mean high tide) five distinct units are recognised, and are separated
by surfaces that indicate subaerial exposure (Q5 correlates to the LIGe8- 31). At Windley Key,
Fruijtier et al. (2000)Ref32 documented an erosion surface. A coral (sampled at ~+3 m above
mean high tide) below this erosion surface was dated to 125 ka. However, this sample has a
calculated 6234Uinitial value outside of the modern range despite low percentage calcite and
232Th concentration. Diagenetic alteration during the first 40 ka after formation is thought
to account for generally older than expected ages at the site32. The Miami Limestone (ooid
shoals or bars and correlative of the LIG Key Largo Formation) reaches a maximum elevation
~+7.5 m apmsl. An unconformity at ~1.2 m apmls separates two oolitic unitsRefs31.33,
However, an intra-LIG sea-level fluctuation was not recognised from a subsequent
stratigraphic and dating study3!.

8. Hawaii: [reef; mH,? Fall?, mPG]

A continuous sequence of strata exposed at Barbers Point, Oahu, includes two
stratigraphically distinct highstand units (units II and V) that are separated by “a
regressional sequence including in situ slabs of beachrock”Ref34, [nitial U-series ages of the
two marine units suggest a gap of several thousand years between deposition of these two
layers34. Elsewhere on Oahu, the top of the Waimanalo Formation (U-series dated to the LIG
e, 3536) an in situ coral-algal framestone, is often planar (e.g., Costa Dairy, now quarried
away!837) and in some instances erosionally truncated on its upper surface. This “erosional
unconformity” represents the mid MIS 5e lowstand and separates the framestone from
overlying grainstone and rudstone (Leahi Formation) that accumulated during the second
5e highstand)34. Mokapu Point (east coast of Oahu) contains two stacked in situ coral reefs,
separated by a terrigenous basalt conglomerate, with no evidence of subaerial exposure.
Similarly, the Kahe Beach State Park sequence includes two exposed in situ “reef levels”
capped by marine conglomeratel8.

Amino acid racemization (AAR) dating of the Waimanalo Formation38 appears to confirm the
age separation of the two marine units< 34 and was used as further evidence for two sea-
level highstands separated by a minor regression. Subsequent U-series dating of the various
LIG units confirm a LIG age, but unit ages are largely indistinguishable from one
another1829.3536.39 and “fail to corroborate the exquisite lithostratigraphic succession of this
site, as most ages do not pass reliability standards”Ref18, yet Muhs et al. (2002)Ref29 “do not
see any persuasive evidence for two separate high stands... as interpreted by Sherman et al.
(1993) from elsewhere on Oahu”.



9. Western Australia: [reef; Fall, mPG]

(see also section 12 for discussion of LIG coral evidence)

A sharp unconformity (erosional surface/abrasion platform formed within a LIG rocky
shore) has been documented within the Tamala Limestone Formation (Cape Burney, near
Geraldton)#9. This low-relief, channelled surface formed on calcareous sandstone and is
encrusted by intertidal to shallow subtidal biota (coralline algae, serpulid worms) and coral.
[tis overlain by a reef unit dominated mostly by undisturbed coral fronds of robust Acropora
species*0. However, the age and sequence of events, particularly the late LIG highstand in
Western Australia, remain controversial.

10. Mediterranean

Multiple sites within the Mediterranean are inferred to contain evidence of LIG sea-level
oscillations. A thorough review of this literature is beyond our scope, and only a brief
discussion of key sites is given. The Mediterranean has a complex tectonic setting but small
tidal amplitude and low wave energy. Evidence of former sea levels comes from a range of
sea-level archives - depositional (beach or shallow marine depositses41-43
geomorphological (shore platforms or notches) or fixed biological indicatorses- 44. Dating of
deposits is challenging because there are few corals for U-series dating and this technique is
unreliable when applied to fossil molluscseg- 4>. We do not reinterpret or recalculate ages
from the original publications and instead concentrate on the stratigraphic evidence for
potential sea-level oscillations. Due to the problems of obtaining reliable age control for
Mediterranean Quaternary sediments, fossil mollusc assemblages (e.g., the warm
“Senegalese fauna”e8- 4°) are often used to identify LIG deposits (due to their temperature
sensitivity), with Strombus bubonius (Persististrombus latus), which is extant in the tropical
waters off west Africa but not in the Mediterranean today, particularly diagnostices-45. It
should be noted that some authors®g-4346 suggest that this fauna is neither synchronous nor
continuous throughout the Mediterranean during MIS 5eRef46 and it has also been found in
older interglacial depositses- 43, although these conclusions are based on U-series dating of
fossil molluscs>.

The complex Mediterranean tectonics, coupled with dating uncertainty, has made
deconvolution of LIG sea-level history of the basin difficult. For example, only one highstand
isrecognised in the “generally stable” tectonic setting of Sardinia based on tidal notches with
amean elevation of +6 + 3 m (apmsl) (Ferranti et al. (2006)Ref47 and references therein), and
from shoreline evidence from multiple Mediterranean sites*248, whereas multiple
highstands are inferred for sedimentary sequences elsewhere in the basineg-434649,50,

10.1 Italy (including Sardinia & Sicily): [notches; mH?, oscillations?]

Emerged tidal notches, including “double notches” (tidal notch couplets) or superimposed
bioerosional grooves, are preserved at many sites in Italy due to the microtidal regime4447.51,
The upper notch is commonly attributed to MIS 5e and the lower to later stages within MIS
5, although firm age control remains elusive. Superimposed bioerosional grooves associated
with upper notches at ~+5 m elevation in the Gulf of Orosei and Bergeggi Marine Cave (+5.24
m, +4.40 m, +3.52 m and +2.7 m elevation) are thought to have formed during distinct
highstands within MIS 5e Ref44, However, Antonioli et al. (2006)Ref51 argue that both notches
of the tidal notch couplets formed during the LIG, with the lower notch forming during the
earlier portion of the LIG, although this was attributed to glacio-isostatic adjustment (GIA)
processes, rather than sea-level fluctuations and hence the different morphology of the two
notches within the couplet>!



10.2 Israel (Galilee coast): [sedimentary sequence; mH; stillstand /Fall]

The Rosh Hanika site is a micro-tidal, tectonically stable location that contains a complete
stratigraphic sequence for MIS 5e, although U-series ages from molluscs are altered (open-
system)®0. The continuous shore sequence is as follows (generalised from sites in the wider
region, with only the Rosh Hanika site containing the complete stratigraphic section): first
comes the the Regba Member, a calcareous sandstone (aeolian dune, tentatively ascribed to
MIS 6, with upper planar beds characteristic of a shallow marine or coastal environment). In
some locations (e.g., Hazrot Yasaf) abrasion platforms are evident (at +2.6 m and +3.4 m
apsl), which were cut by tidal channels. The authors suggest that these were cut during
relatively long sea-level stillstands as part of two sea-level-rise steps within an initial MIS 5e
sea-level rise (see note below *). The Regba Member is overlain unconformably (interpreted
as a sea-level drop) by the Yasaf Member, which contains a gravel unit with Strombus
bubonius fossils (warm water fauna used as a marker of MIS 5e in the Mediterranean). This
is in turn truncated by an unconformity, which is inferred to have been caused by a sea-level
fall that caused a relatively short period of emergence, and which is in turn overlain by a
Vermetidae reef (indicative of a low energy environment) capped by algal crust (inferred
shallow water deposition). There is another unconformity (cessation of reef formation, likely
due to sea-level lowering), that is overlain by two bioclastic sandstone subunits (subsequent
transgression). After this, sea level dropped and the coastline retreated offshore>°.

* Abrasive notches exposed along the Galilee coast suggest sea levels slightly higher than
present at the start of MIS 5e, with an upper limit between +0.5 to +0.75 m. The notches
contain two subunits of the Yasaf Member, which indicate relatively long stillstands at an
elevation of ~+1 m, and that the early MIS 5e erosive phase was followed by a depositional
phase later in MIS 5eRef49,

10.3 Tunisia: [sedimentary sequence; mH?, Fall?]

The Hergla site in Tunisia contains a facies succession that includes two foreshore deposits,
each overlying a possible erosion surface!85253, The lower unit is a siliciclastic unit devoid of
warm water fauna (~+2 to +3 m apmsl, aged 147 to 110 ka from U-series dating of molluscs)
capped by aeolian sediments that are overlain by a carbonate-rich, shallowing-upward
marine unit that contains warm marine fauna including Strombus bubonius (ages derived
from U-series dating of Ostrea lamellosa shells range from 141 to 100 ka), capped by a
Strombus-rich boulder bed (elevation ~+3 to +6 m apmsl)>2. These units are interpreted as
two MIS 5e highstand deposits that developed during two sedimentation phases, during two
distinct sea-level highstands based on sedimentology, faunal assemblages and U-series
dating of molluscs/a coral, and amino-acid dating18415254 Hearty et al. (2007)Ref18
interpreted the top of the aeolian deposit (capping the first unit) to be a weathering surface
associated with a sea-level fall “to near or below present”, whereas Mauz et al. (2018)Ref-53
relate this to lagoonal sediments, which suggests shoreline migration. Recent OSL dating of
the lower (110 and 120 ka) and upper units places the sea-level rise associated with
formation of the second package in MIS 53, rather than a second LIG highstandRef 53,

10.4 Spain: [sedimentary sequence; mH; Fall]

Avariable number of highstands associated with MIS 5e is recognised on the Spanish coastes-
55, with the greatest number documented on the Mediterranean coast (primarily due to
tectonic uplift)es-56. Three LIG highstands for the Iberian Peninsula have been inferred based
on extensive geomorphological mapping, dating and facies analysise8-434657, The general
sequence is: (1) a first LIG highstand (characterised by oolitic dunes and beaches containing



Strombus bubonius), (2) a second highstand with the highest elevations and containing “two
morphosedimentary subunits separated by an erosional surface”; and (3) a brief third
highstand in which sea level was slightly lower>>. For example, the Loma del Viento
section#3>859 contains a laterally extensive ‘staircase’ of marine units, four of which contain
Strombus bubonius. These are terraces 12, 13, and 14 with present elevations +14, +6, and
+3 m apmsl], respectively (following the stratigraphic subdivisions of Zazo et al. (2003)Ref. 43)
and three LIG sea-level oscillations are proposed based on U-series and AAR dating>8-60,
Similarly, the El Pinet site (an abandoned quarry) contains five prograding units (numbered
7.1to 7.5 in Zazo et al. (2003)Ref43), all containing the warm “Senegalese” fauna and Strombus
bubonius. Unit 7.1 (sepulid/bioclastic limestone with patches of encrusting coral indicative
of shallow marine environments, assigned to MIS 7) is overlain by an oolitic calcarenite. An
erosional layer separates unit 7.2 and overlying siliclastic sandstones and conglomerates
(unit 7.3). Erosional layers also separate LIG unit 7.3 and overlying units 7.4 (calcarenite)
and 7.5 (calcarenite, sandstones and conglomerates which is the “richest” in S. bubonius)*3.

10.5 Balearic Islands - Mallorca: [sedimentary sequence; mH?, Fall?]

Emergent marine deposits (elevations of +2 and +3 m apmsl) that are dated (or inferred) to
be of MIS 5e origin are documented from several locations on Mallorca*143464857 Two (and
possibly three) distinct sea-level highstands are proposed during the LIG, one early at ~135
ka and two at ~117 kaRefs41,434657 glthough these ages (except Hearty, 1986Ref41) are based
on potentially unreliable U-series mollusc dating. The ages and elevations of the marine
deposits correspond to speleothem (phreatic) overgrowths from coastal caves at elevations
of +1.5 m to +2.6 m dating from ~138 to 110 kaRefs-61-63 Tuccimei et al. (2007)Ref64 proposed
that two episodes of speleothem growth are separated by a rapid LIG regression/lowstand
at ~125 ka. At the Campo de Tiro site, marine units (~0 to +3 m elevation apmsl) are
separated by reddish terrestrial deposits or erosional surfaces*14357. However, the precise
age and number of LIG sea-level oscillations (highstands) at this site are debated. Hearty
(1986)Ret41 recognised three marine units, whereas four marine units were documented by
Bardaji et al. (2009)Ref46, Hillaire-Marcel et al. (1996)Ref57 and Zazo et al. (2003)Ref43,

A marine unit (unit 2 of Zazo et al. (2003)Ref43); max elevation ~+3 mRefs-4348) js underlain
by a thick red silt layer. Note that Zazo et al. (2003)Ref43 also assign the marine unit below
this silt layer (elevation +1.5 m apmsl) (unit 1) to the LIG due to the occurrence of warm-
water fauna, including Strombus bubonius, in both units, whereas Muhs et al. (2015)Ref48
attributed the aeolianite, from which the palaeosol developed, as likely formed during MIS
6. The third marine unit of Zazo et al. (2003)Ref43 and Bardaji et al. (2009)Ref46 (unit 3,
elevation of +1 m apmsl), also contains warm-water fauna but without S. bubonius, overlies
an erosional surface that truncates both units 1 and 2. However, this unit was not recognised
in the later fieldwork of Muhs et al. (2015)Ref48, In contrast, Muhs et al. (2015)Ref48
documented seaward “Neotyrrhenian” beds (max. elevation +2 m apmsl) that consist of a
lower layer of gravelly sands (with few fossils) and an upper sandy gravel layer containing
abundant fossils. These beds overlie a reddish-brown palaeosol, which was found to be a
aeolianite, which is in turn overlain by marine deposits documented at +3 m. These seaward
“Neotyrrhenian” beds were interpreted as a beachrock facies that formed later during the
same highstand as the +3 m marine deposits*S.

U-series dating of molluscs and stratigraphic evidence led Hillaire-Marcel et al. (1996)Ref57
and Zazo et al,, (2003)Ref43 to suggest a MIS 5e origin for all three marine units (units 1, 2,
and 3), in which the youngest was assigned to a separate, later LIG highstand based on facies



and faunal considerations*3. U-series dating of fossil corals and amino-acid dating of
molluscs from the uppermost portion of the “Neotyrrhenian” beds suggest an age of ~120 to
~123 ka for this deposit*148, but Muhs et al. (2015)Ref48 consigned all the marine units to the
same highstand despite the different sedimentology of the two marine deposits. Glacio-
isostatic processes were invoked to account for the two marine units by Muhs et al.
(2015)Ref48 given the small altitudinal separation (~1 m) between the documented marine
units.

10.6 Canary Islands: [sedimentary sequence; mH, Fall]

Marine deposits containing Strombus bubonius have been documented at low (<12 m)
elevations on many Canary Islands#363, but robust age control is lacking. On Lanzarote (El
Berrugo), three stratigraphically superimposed MIS 5e units with a sharp erosional surface
between units 2 (calcarenite containing Strombus bubonius) and 3 (cemented conglomerate
including pebbles eroded from earlier units, interpreted as a beach deposit) were used to
suggest subaerial exposure prior to deposition of unit 3 during the LIG, possibly indicating
two highstands#3. On Fuerteventura Island, the stratigraphic section at Rosa J. Sanchez site
contains alternating marine (3 units) and terrestrial (two) units, with U-series dating of
mollusc shells suggesting MIS 5e ages for all marine units*3. The Playa de Igueste site
(Tenerife) comprises two superimposed marine units; the lowermost marine
(conglomerate) unit contains Strombus bubonius and is separated from the upper marine
unit (beach conglomerate also containing Strombus bubonius) by a terrestrial silty deposit,
which suggests the presence of two MIS 5e highstands interrupted by a possible period of
sea-level lowering*3.

(1B) REEF ARCHITECTURE

11. Yucatan, Mexico: [reef; oscillation - sea-level “jump”, mPG]

A laterally extensive back-stepping LIG reef sequence has been documented?>%% from a
tectonically stable site. The complete reef sequence consists of “two separate linear reef
tracts with reef crests that are offset and at different elevations”Ref25, This backstepping
sequence was used by Blanchon et al. (2009)Ref25 to suggest sea-level instability (a sea-level
“jump”) during the later stages of MIS 5e at rates similar to those in the Caribbean during the
last deglaciation (~ 36 mm/yr)Refs67.68 Currently, the reefs lack good age control, but
biofacies and stratigraphic evidence suggest that both reef units are contemporaneous and
that the lower unitif older, died suddenly but remained submerged while the upper reef unit
back-stepped during sea-level rise, i.e., “reef development during the highstand was
punctuated by reef-crest demise at +3 m and back-stepping to +6 m. The abrupt demise of
the lower reef crest, but continuous accretion between the lower-lagoonal unit and the
upper-reef crest, allows us to infer that this backstepping occurred on an ecological
timescale and was triggered by a 2-3 m jump in sea level” Ref-25,

12. Western Australia: [reef, mH, stillstand, mPG]

A well-developed MIS 5e terrace is documented at ~+2 to +4 m elevation (apmsl) along
extensive portions of the Western Australian coastline ¢9-75, At Cape Cuvier, two
“geomorphologically distinct” MIS 5e marine highstand units—a lower erosional fringing
reef (shore platform, formed by wave abrasion in middle to upper intertidal zone elevations
at ~+2 m to ~+3.6 m apmsl) and an upper, narrow “underdeveloped” constructional reef at
+8 to +10 m apmsl—were used to argue for an extended sea-level stillstand followed by a
short-lived excursion of elevated sea level at the end of LIG, reaching perhaps +8.2 m (or
even +9.4 m) apmsl late in MIS 5eRefs7274 n the Shark Bay area, a possible sea-level
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regression was suggested given an apparent ‘age gap’ and inferred abrupt halt in coral
growth at ~124 kaRef73, However, the ages and sequence of events, particularly for the late
LIG highstand in Western Australia, remain controversial. Many U-series ages for the LIG in
the Australian region suggest pervasive open system behaviour and/or variable
diagenesis®#- 7071 In addition, the +5 to +6 m emergent shoreline mapped at Quobba Ridge
(inferred palaeo sea level of +9 m after GIA correction’) and the Cape Cuvier upper
terrace/rim7274 are thought to result from significant neotectonic deformation rather than
sea-level fluctuations’®.

13. Haiti: [reef; mPG]

Dumas et al. (2006)Ret77 mapped two LIG terraces (T3a and T3b), separated by ~2 m in
elevation from a tectonically uplifted terrace sequence’’78. U-series dating for the lower
terrace gave an age of ~130 ka (inferred relative sea level +5 m apmsl), with the upper
terrace dated to ~118 ka (sea level + 2.7 m apmsl). These two sub-terraces are not always
distinguishable, and the localised expression is thought to relate to the higher uplift rate at
the site surveyed by Dumas et al. (2006) compared to other surveyed sections in the area’,
where the two terraces merge into each other?’.

14. Barbados: [reef; mH; mPG]

The Rendezvous Hill terrace is an emerged LIG reef complex that retains much of its original
depositional morphology. Stratigraphic evidence for LIG sea-level instability from the fossil
reef is equivocal but some authors have proposed multiple sea-level peaks based on
morphology, facies information and dating879:80,

Based on reef morphology and ESR dating, three episodes of constructional reef-terrace
formation during the LIG have been proposed®l. Terrace dating suggests that terrace T5a
(~128 ka) and terrace T5b (~ 132 ka) formed during an initial LIG highstand, whereas
terrace T4 formed at ~ 118 ka when sea level was several metres below present (ages as
originally reported). However, a younger age for the two higher terraces (terraces T5a and
T5b) and an older age for the lower T4 terrace (also known as the Maxwell terrace) were
obtained using whole-rock amino acid dating!8, which led these authors to correlate the
lower T4 terrace with an initial LIG highstand, and the T5 units to a subsequent, higher sea-
level highstand during the LIG.

A multi-stage LIG reef development was also suggested from reef-front-architecture
variations and facies relationships’?. Using a detailed facies approach, these authors suggest
that a brief episode of rapid sea-level fall and possibly a minor stillstand led to the reef
development at ~16 m below the original reef crest (cf. Maxwell terrace/T4 terrace of
Schellmann and Radtke, 2004). However, lack of duplicate reef architecture suggested that
any LIG oscillations must have been rapid (hence the lack of a constructional reef
record)Ref79, A sea cave at +6 m is thought to have been cut during the LIG, and was used to
infer reef-growth cessation prior to the peak (maximum) sea level, possibly due to a change
in environmental conditions or a jump in the rate of sea-level rise (rate of rise > rate of reef
accretion)Ref.79,

(1C) CHALLENGES OF REEF STRATIGRAPHY

Reef accretion is complex and results from an interplay of many factors that includes physio-
chemical parameters (irradiance, temperature, hydrodynamic energy etc.), the composition
of reef communities and their potential rates of growth/bioerosion, balance between
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sedimentation vs. calcification, reef disturbance (storms etc.), and variations in coral
recruitment, as well as the rate and amplitude of sea-level change (for further discussion,
see the reviews of Scoffin et al., 1980782, Montaggioni, 2005r¢f83, Hubbard, 2009ref84
Woodroffe and Webster, 201485, Camoin and Webster, 2015786, Hibbert et al., 2016r¢f87).
In addition, taphonomic and diagenetic processes, and potential coring artefacts, have
implications for interpreting spatial variation and the rates and style of framework
development?8-92, For example, coral skeletons are frequently reworked in many reef
settings, with selective destruction of certain growth forms, individuals, and age-classes, as
well as a mixing of successive generations (also known as time averaging - both ecological
and sedimentologicaleg- 88.9394) Reworking by storms/hurricanes etc. can also exert a strong
control on reef anatomy, such that in situ framework is lacking, and instead the reef consists
of coral-cobble rudstone layers (e.g., Blanchon et al., 19977¢t95). The latter led Hubbard et al.
(1990r¢f96) to state that, for many reefs in the Caribbean, “...the importance of detrital
material in the reef fabric and the major role played by secondary processes that constantly
rework the substrate have resulted in a reef whose interior is more of a "garbage pile" than
an in-place assemblage of corals cemented together into a rigid framework."

Given the interplay of some or all of the above-listed processes, complex age structure is
possible and is an important limit on the temporal precision achievable from reef-based sea-
level reconstructions®’. Individual dates from a reef unit that represents a certain time-
interval may be stratigraphically jumbled within the unit. Such complex age structures have
been reported, for example, for Holocene growth on the Great Barrier Reef*8°?) and Papua
New Guinea (Huon Penninsula?’).

(1D) SYNTHESIS
The nature of LIG sea-level variability remains strongly debated¢&-18100 Different models of
LIG sea level have been proposed from coral records. These include:

a) relatively stable sea level (i.e., one major peak) (e.g., Stirling et al., 1998ref71);

b) two peaks separated by a sea level fall of various magnitudes (e.g.,, Chen et al,
1991ref15 Stein et al, 199313, Sherman et al, 1993ref34 Plaziat et al, 1998ref4
Bruggemann et al., 20042, Thompson and Goldstein 200580, Hearty et al 2007r¢f18,
Kerans et al., 2019ref21);

c) relatively stable (possibly with a small drop) sea level with a rapid late rise (e.g.,
Neumann and Hearty, 1996722, Hearty, 2002r¢f30, O’Leary et al., 201374, Blanchon et
al., 2009r¢25) and;

d) multiple peaks (e.g., Thompson et al., 2011¢f19, Rohling et al., 2008r¢f101 this work).

The intensively studied, sampled, and dated LIG coral/reef records of the Seychelles8-10,
Bahamas!>1%, and Western Australial®70-74 give an emerging picture of LIG sea level that
have similarities with the Red Sea record. These coral records are especially useful given
that: (1) they span extended periods of the LIG, (2) they have relatively high temporal
sampling and density of radiometric dating, (3) they are from tectonically stable areas; (4)
they have well-documented stratigraphic superposition of LIG units, and (5) for the
Seychelles, there are well-constrained palaeo-water depth estimates. We do not view these
records in isolation, but within the well-documented context of the records extensively
discussed in sections 1A and 1B.

The GIA corrected Seychelles corals document an initial gradual eustatic sea level rise from
~+59+1.7mto +7.6 + 1.7 m between 129 and 125 ka, with a possible drop before 125 ka.
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A single encrusting coral at +9.2 m at ~125 ka from Camp Rock, Cape Cuvier in Western
Australia suggests “arapid 3 mrise ... and fall in sea level at this time”Ret74, Both the Bahamas
and Seychelles suggest sea level at ~4 m at ~123 and possibly 124 kaRefs9.19 with a decrease
(drop) in sea level to ~0 m between 123 and 119 ka in the Bahamas!®. Sea level highstands
at 119.2 * 0.5 ka (about 6 m), 117.5 * 0.4 ka, and 114.4 + 1.0 ka are seen in the Bahamas
record as four distinct stratigraphic units, and the possibility of a sea-level drop between
each highstand cannot be discounted!®. A final (and somewhat contentious, given the
tectonic setting and potential open-system behaviour) sea-level high of +3.4 m (GIA
corrected) at ~118.1 * 1.4 ka in Western Australia’# may correlate with either the 119 ka or
the 117 ka Bahama deposits!®. The Barbados coral record!92 is often used to constrain the
‘age’ of the MIS 5e/d transition. In this study, the ages and elevations of two corals 0C4 and
0OC-1 (dated in triplicate and each satisfying age reliability criteria) bracket the sea-level fall
at the end of the LIG. The youngest coral gives a youngest age constraint for the LIG-end at
~113 ka. Yet, in tectonically stable locations, no LIG corals are found that are younger than:
(1) ~114 ka in Florida3!; (2) ~118 ka in the Bahamas!?; and (3) ~ 117 ka in Yucatan
Peninsula2>. Similarly, speleothem growth began (as a result of sea level fall) at ~ 116 ka in
Mallorca®162 and was below -4.9 m at 117 ka in Yucatan Peninsulal03.
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Supplementary Note 2.

LIG age adjustment in the Red Sea sea-level record

Here we show details of the LIG age adjustment, which is primarily driven by comparison of
the overall Red Sea stack record with the Yucatan speleothem-based indications of when sea
level first dipped below 0 m againl®, and secondarily by indications from coral-data
compilations of when the LIG ended!92104, The Red Sea stack is shown on its previous age
model in Supplementary Figure 2 (left). This age model was found to be deficient for the end
of the LIG, and comparison with the aforementioned benchmark records reveals that the LIG
end is better placed at ~118.5 ka, noting the generous 20 (95%) uncertainty of +1.2 ka that
applies to the Red Sea age model (Supplementary Figure 2 bottom; Supplementary Figure 3).
To make this adjustment, and evaluate its uncertainties, GIA impacts were considered
(Supplementary Figure 4).

Supplementary Figure 2. Interpolation
Red Sea RSL 7 and propagation of age uncertainties for
140-100 60 -20 20 N the adjusted Red Sea Last Interglacial
I chronology. Elements shown include: the
Red Sea sea-level stack on its first

radiometrically-controlled
chronology105106 (left); the adjusted age-
control point (central dotat 123 kaon the Y
axis, which becomes 118.5 ka on the X-axis,
as per adjustment of the 95% upper limit to
the coral- and speleothem-based end of the
LIG highstand at 118.5 ka; see Figure 2); a
number of forced age-control points to
effect exact agreement between the
chronologies >130 ka and <110 ka (other
dots on the 45° line - this ensures that,
outside the LIG adjustment interval, the
new chronology is identical to the original
chronology); and the Red Sea sea-level
stack on its adjusted chronology (bottom).
Interpolation and uncertainty propagation
80 90 ‘ 100 110 120 ‘ 150 140 for the adjusted chronology is described in
Adjusted age (ka BP) Methods. Arrows visualise the adjustment

pathway.
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For this analysis, we corrected both the Red Sea record and the Yucatan Peninsula
speleothem record for GIA processes using configurations of the penultimate glacial (MIS 6)
ice sheets after Rohling et al. (2017)f107, These use a smaller Laurentide Ice Sheet with
either: (i) a Eurasian Ice Sheet (EIS) with greater mass but LGM-like spatial configuration; or
(ii) an EIS with both greater mass and spatial extent. Fuller details of the chosen Earth model
and ice models are given below in SI Part 4, where it is shown that the GIA corrections
themselves have uncertainties up to +3 m at the end of the LIG. The exercise used here for
evaluating the Red Sea versus Yucatan record after GIA correction uses an artificially defined
Global Mean Sea Level (ice-volume) history. Results show that the Yucatan record closely
tracks GMSL (Supplementary Figure 4). The Yucatan data indicate that Yucatan RSL (and thus
by close approximation GMSL) first reach -4.9 m just after ~118 ka (Supplementary Figure
3). The upper 95 % confidence bound for Red Sea RSL would sit some 3 m above that
(Supplementary Figure 4), with an uncertainty up to + 3 m (Supplementary Figure 5); hence
our selection of the ~118.5 ka age for the upper 95% bound of the Red Sea record to fall
through 0 m. Bearing in mind the generous 20 (95%) uncertainty of +1.2 ka that applies to
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the Red Sea age model (Supplementary Figure 2), this selection of ~118.5 ka is coherent with
both the Yucatan datal®3 and the Cutler et al. (2003)192 and Hibbert et al. (2016)23 coral-
based assessments for the LIG end.

| : | -+ Red Sea stack
20 7 ! ' + B
10 1 ' ;’4 I ey | —— Red Sea ponr]omlaI
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Supplementary Figure 3. Red Sea, coral and speleothem sea-level data. Red Sea stack of relative sea-level
(RSL) data with 1o error bars, polynomial smoothing and 68% and 95% confidence intervals. Coral data, from
the compilation of Hibbert et al. (2016)Ref 87 and Dutton et al. (2015)°9, are reported in ka BP, where all coral ages
were recalculated (when necessary) using the Cheng et al. (2013)Ref108 decay constants for 234U and 230Th and
assuming closed system behaviour. Corals have been screened for age ‘reliability’ using the following criteria:
calcite <2%, 232Th concentrations <2 ppb, and a calculated §234Uinitial in the range of modern corals (i.e., 623*Uinitial
=147 + 5 %o). Replicate ages passing the screening criteria are have been averaged (using an inverse weighted
mean). Corals are from: the Bahamas!519 (green cross); Barbados79.109-112 (black cross); Tahitil13 (dark green
filled upward pointing triangle); Yucatan Peninsula2?s (purple filled downward pointing triangle); Seychelles8?
(pink open diamond); Hawaii?® (blue open diamond); and Western Australia®%-717375114 (dark blue open
diamond). The Seychelles point at 118 ka is an inverse weighted mean of samples SY-22c (112.2 + 0.61, 20,
including decay constant error) and SY22a (124.3 + 0.56 ka, 20, including decay constant error) from site 4 in
Dutton et al. (2015)rf9 (their Table 3, SY-22a 124.5 + 0.5ka; SY-22b 96.1 + 0.4 ka; SY-22¢ 112.4 + 0.6 ka). Although
Dutton et al. (2015)rf9 remove SY-22a from subsequent analysis as they suspect U-addition, both the SY-22a and
SY-22c replicate samples pass our screening criteria, so that we have no objective criterion to eliminate one or
the other. We simply plot the mean, but flag a potential issue. Speleothem evidence of past sea levels from
phreatic overgrowths from Mallorca®162.115 (red open squares) and subaerially deposited speleothems from the
Yucatan Peninsula, Mexicol%3 (purple filled squares, subaerial growth indicated by solid purple line marked
‘ceiling’). Yellow bar denotes the time-interval of Heinrich Stadial 11 (HS11)!16; orange bar indicates the time-
window of potential short-lived sea level lowering observed in, e.g., the Seychelles8® and Red Seal3this studyl. The
relationship between the initial (orange) polynomial assessment of the entire Red Sea stack and the more precise
probabilistic assessment of core KL11 alone is illustrated in Figure 2.
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Supplementary Note 3.

Greenland mass loss estimates from East Greenland Current sea-water 8120
Sediment core MD03-2664 (57°26.34’N, 48°36.35'W; 3,440 m water depth) from Eirik
Drift117.118, off the southern tip of Greenland, lies under a system of surface currents that
carry most of the melt contribution from the Greenland ice sheet, most notably the East
Greenland Current and the wider Labrador Sea systems. Today, Greenland meltwater affects
the net seawater 6180 by addition of water with salinity (S) of 0, and 680 of around -30%o.
Other (almost) freshwater components, with typical property values are sea-ice melt
(typically S = 3, 8180 equal to ambient water plus 2.1%o0), and meteoric water from
precipitation and river input (S = 0, 6180 = -18%0). These mix with ocean water advected to
high latitudes, with typical values of S = 35 and §180 = 0.3%oRefs 119,120) [t is common practice
to use these, or similar, parameters (and where needed also additional water-based
hydrogen isotope datall?) in straightforward end-member mass-balance calculationse8- 119-
122, We use such a calculation to consider the amount of Greenland melt-water addition (and,
thus, ice-sheet mass loss) needed to cause a -1.3%o0 amplitude change in seawater 6180 at
Eirik Drift, as found in core MD03-2664. This amount is equal to the difference between the
fraction of Greenland melt before (fco) and after (fc1) the change. All other terms are kept
constant, to enable comparison of the effects due to Greenland melt-water change. We then
find:

_ Ogec — [fubu + fs(Bgc + 2.1) + 48,1
Go =
8¢

_ (6gee — 1.3) = [fubu + fs(Bpoc — 1.3 + 2.1) + f464]
G1 =
8¢

Here, f is the mixing fraction, § is the component-water 8180, EGC indicates the East
Greenland Current, M is for meteoric water, S indicates seaice, 4 is for advected ocean water,
and G is for Greenland melt water. We set the calculation up with modern values fy = 0.005,
fs=10.028, fa = 0.93, and 6eec = -1%o0 (Cox, 2010Ref119 5 98). As mentioned above, we kept
these values constant in both cases. We thus find that fco = 0.041, while fg1 = 0.083. Using a
salinity mass balance and a 5 x 10 m3 per second mass flux of the EGC to calculate mass
fluxes, the change in mixing fraction then implies 1.311 x 10-3 m per year of additional global
sea-level addition due to Greenland melt-water input for the full -1.3%0 seawater 6180
amplitude shift at Eirik Drift (using a world ocean surface area of 361.9 x 1012 m?).

The full amplitude shift developed over ~6,000 years. However, it did not develop
instaneously: the record shows that it developed in a somewhat sigmoidal manner, and if we
approximate this with a linear growth rate, then the sea-level contribution determined from
the seawater 6180 change over the full 6,000 years comes to (0.5 x 6,000 x 1.311 x 10-3) =
3.93 m. Therefore, we find that the median estimate for development of the observed Eirik
Drift 6180sw shift of -1.3%o0 is about 4 m sea-level equivalent of melt-water input from
Greenland. Propagation of generous (Gaussian) uncertainties in all parameters in this
calculation, using a method similar to Rohling (2000)Ref 123 jndicates that 10 = 1.15 m. We
conclude that both temporal structure and amplitude of the Eirik Drift sea-water 6180 record
support the Yau et al. (2016) reconstruction of Greenland ice-mass loss1?4.
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Supplementary Note 4.

Glacio-isostatic assessment of LIG sea-level records

Changes in mass loading at Earth’s surface, due to ice-sheet growth and melt and consequent
ocean-basin unloading and loading, results in a non-uniform sea-level pattern on a global
scale. This is known as glacial isostatic adjustment (GIA). We have previously shown that
millennial-scale relative sea level (RSL) fluctuations at Hanish Sill (Red Sea) are proxies for
global mean sea-level (GMSL) fluctuations across glacial cycles, although there is a longer-
term secular offset between absolute RSL and GMSL values06125, These investigations
described an envelope of RSL behaviours at Hanish Sill related to a range of parameters for
Earth’s viscous response. Other work has demonstrated that modelling of past sea level must
account for ice-volume changes both prior to the period of interest, and subsequent to it. To
model RSL during the LIG, therefore, at least 3 glacial cycles must be considered prior to the
LIGRef126. The modelling must also consider the impact of different geographical ice-mass
distributions, particularly during the preceding penultimate glacial maximum (PGM, marine
isotope stage MIS 6)50.107,126,

To use the continuously sampled Red Sea RSL curves to constrain the volume of polar ice
melt during the LIG, we must understand how these RSL curves are affected by GIA. If the
GIA signal can be isolated using the models, then it can be removed from the RSL records to
recover GMSL. Where that GMSL varies from the present-day 0 m level, the offset may then
be interpreted in terms of excess ice-volume melt (or growth). Note, however, that this is
complicated by the fact that ‘excess ice’ will impose a fingerprint of GIA response. To address
this, Hay et al. (2014)Ref127 sought to highlight those regions where a highstand identified in
proxy RSL indicators would overstate GMSL at a given point in time. In their scenario for
coincident Greenland and Antarctic melt, Hanish Sill fell outside of these regions. When
considering the impact of melt from individual ice sheets, Antarctic melt marginally
amplified Red Sea RSL highstands, whereas Greenland melt caused a minor reduction in RSL
highstands.

We extend previous GIA modelling to consider:

1) aLIG of ~14 ka duration (130-116 ka) with ice volumes held at present-day values to
identify a background GIA signal;

2) four ice scenarios representing variations in both melt volume and geographic ice-
mass distribution;

3) abroad suite of Earth models, highlighting results from four models that illustrate the
influence of Earth-model choice on reconstructions; and

4) sensitivity tests that—across the above scenarios—analyse the consequences of
‘excess ice’ reduction or growth on Hanish Sill responses to individual ice-sheet
changes.

For the GIA modelling we use a gravitationally self-consistent sea-level theory!28, which
accounts for shoreline migration associated with local sea-level variations and changes in
the extent of grounded, marine-based ice. The theory incorporates perturbations of Earth’s
rotation!?? resulting from changing ice-melt or -growth locations. The sea-level equation is
solved in an iterative, pseudo-spectral manner!3? with a 1-D spherically symmetric Earth
representation. In total, we model responses across a suite of 495 Earth models comprising
3 parameters for lithosphere thickness (71, 96, and 120 km), 11 parameters for upper
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mantle viscosity (1 x 1020 to 1 x 102! Pa s), and 15 parameters for lower mantle viscosity (2
x 1021 to 5 x 1022 Pa s). From these, we highlight four Earth models to display a range of
behaviours (Supplementary Table 1). Our first three Earth models are similar to those used
by Stocchi et al. (2018)Ref131, Qur fourth Earth model is chosen to highlight non-standard
outlier (<4%) behaviour.

Supplementary Table 1. Earth model parameters used in our glacio-isostatic adjustment modelling.

Earth model | Upper mantle Lower mantle Rationale for this Earth model
viscosity x 1021 Pas | viscosity x 1021 Pa s

EM1 1 2 Like VM1

EM2 0.5 5 Like VM2

EM3 0.25 0.1 Lambeck et al. (2014 )Ref132
(similar to Hay et al.
(2014)Ref127)

EM4 1 0.5 Extreme outlier for maximum
contrast

We investigate RSL behaviour at Hanish Sill during the LIG using the four ice histories
developed to investigate sea-level/ice-volume differences between the LGM and PGMRef.107,
All four ice histories model ice-volume changes at 2 kyr intervals between 244 ka and
present day. Each contains a LIG period between 130 and 116 ka with present-day ice
volume. ICE-1 is a version of the ICE-5G ice history!33, and covers two identical glacial cycles.
The other three scenarios build on, or adjust, this basic ice history!%4. ICE-2 contains reduced
ice volume during the PGM relative to the LGM. ICE-3 also has redistributed ice masses,
giving a smaller North American ice sheet, and a larger European ice sheet during the PGM
than during the LGM. ICE-4 also has different geographic boundaries for the European ice
sheet, after de Boer et al. (2014)134, while retaining the same ice-volume as ICE-2 and ICE-3.

We find that, when LIG ice volume is held constant, the Hanish Sill RSL response is generally
characterised, irrespective of ice history, by an early highstand at the beginning of the
interglacial and a subsequent decay toward equilibrium RSL (Supplementary Figure 5). For
ICE-1 and ICE-2, the initial highstand is higher than GMSL, whereas for ICE-3 and ICE-4 both
the initial highstand and the subsequent decay fall below GMSL. Importantly, we note that
the total amplitude of this variation across the LIG is only a few metres, and so cannot
account for the variations of 10 or more metres observed in our study (Figure 2, main text).
For a small outlier subgroup (<4%) of the Earth models investigated, and only for ICE-3 and
ICE-4, the viscosity contrast between upper and lower mantle values is such that a highstand
is only achieved at the end of the interglacial. We illustrate this outlier behaviour with our
fourth Earth model, but note that existing studies focus on EM1-3, as below.

Our main experiments considered only a ‘background’ interglacial scenario with no ice melt
or growth greater than present day. To assess sensitivity to ‘excess ice’ variations, we
therefore also modelled the responses at Hanish Sill for each individual ice sheet on its own,
for individual ice-sheet configurations (Supplementary Figure 6). In Supplementary Figure 6,
configuration A is for an ICE-5G like distribution of ice volume during MIS 6, and
configuration B follows an ice-distribution template based on de Boer et al. (2014)Ref134,
Responses to Greenland and Antarctic ice-volume changes are similar. The 1:1 line in the
graphs indicates no GIA effect, while values below the line indicate that the RSL response is
an amplification of the GMSL change (i.e., RSL is higher than GMSL) and values above the line
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represent points where RSL is lower than GMSL. For melt associated with the Greenland ice
sheet, there is relatively little Earth model sensitivity - the points all cluster tightly along the
same line, and generally fall close to the 1:1 line. The impact of Antarctic ice-volume change
is highly dependent on the Earth model chosen, but overall such impacts plot along the 1:1
line, which suggests that RSL changes also closely approximate GMSL changes for Antarctic
ice-volume changes.

Given that ice scenarios ICE-3 and ICE-4 are considered to be more representative of actual
PGM ice-volume distributions'97, and therefore to generate results closer to reality, we infer
that the LIG RSL generated for Hanish Sill likely underestimates GMSL by a few metres in
absolute terms (slightly more in the later phases than in the beginning). Given this, and the
minimal GIA effects that we find at Hanish Sill for Antarctic ice-mass reduction, we consider
RSL fluctuations in the first half of the LIG (Figure 2, main text) to be close approximations
of GMSL fluctuations. For the second half of the LIG, where ice-mass reduction is considered
to have occurred at both Greenland and Antarctica (Figure 3, main text), offsets are again
small, and we consider that Red Sea RSL fluctuations again closely approximate GMSL
fluctuations.

Where we make GIA corrections to approximately translate Red Sea RSL into GMSL, we use
a linear adjustment for the RSL gradient through the LIG from +0 +0 m at 135 ka, to +4 +2 m
at 115 ka, based on the ICE3 and ICE4 solutions for the three representative EMs 1-3
(Supplementary Figure 5). Note that the uncertainties here refer to the gradient through the
LIG, not to absolute values.

Supplementary Figure 5. Red Sea

ICE1 ICE 2 relative sea level (RSL) versus

5/a 5/b. global mean sea level (GMSL) for

0 0 495 Earth models at the Hanish
L5 5 Sill, and ice scenarios ICE 1-4. Red
2 lines for all four graphs represent
-10 -10 RSL for the full suite of 495 Earth
-15 -15 models (EMs) considered. Blue lines
20 ] , 20 represent the four highlighted EMs,
110 120 130 140 110 120 130 140 and grey lines represent GMSL. A and

ICE 3 ICE 4 B. For these ice histories RSL tends to

57 c. 5 d. overshoot GMSL at the beginning of

0 0 the interglacial and then decay to an
equilibrium value. C and D. A greater

a0 -5 range in RSL values results from
“ .10 -10 sensitivity to a larger PGM Eurasian
15 15 ice sheet. Note also the EM
20 ) sensitivity, where EM1-3 represent

110 120 130 140 110 120 130 140 the majority in which a highstand
Year (kyr) Year (kyr) occurs at the beginning of the LIG,

while EM4 represents an outlier
group (<4%) in which the highstand
occurs at the end of the LIG.
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Supplementary Figure 6. Hanish Sill relative sea level (RSL) versus global mean sea level (GMSL) for a
representative subset of 60 Earth models from our total suite of 495 Earth models. Results are obtained
from runs of our GIA model in which individual ice sheets are isolated based on two synthetic ice histories
(configuration A relies on the ice distribution in ICE-5G, and configuration B on that of de Boer et al.
(2014)Ref134, The plotted RSL and GMSL signals then represent only the GIA signal associated with the selected
individual ice sheet (blue represents North American ice sheets, green represents Greenland, red represents
Eurasian ice sheets, and navy and gold represent the West and East Antarctic ice sheets, respectively).
Relatively wide horizontal dispersal of red data points indicates considerable sensitivity to EM choice for
Eurasian ice sheet responses. In contrast, Antarctic ice-sheet responses (navy and gold) are horizontally
tightly clustered, indicating little influence of EM choice. In addition, both Antarctic datapoints (esp. West
Antarctica), and Greenland datapoints plot close to the black 1:1 line, which indicates minimal GIA effects at
Hanish Sill in response to mass changes in those ice sheets.

Supplementary Note 5.

Consistency between Red Sea and coral-based sea-level reconstructions
Given the dynamic nature of the Red Sea sea-level curve through the LIG, it is difficult to
visualise the type of coral record with which this would be consistent. Therefore, we have
developed a straightforward model for first-order evaluation. We assume that the Red Sea
sea-level record is representative of sea-level movements through the LIG (using the PM
solution in this example), following a simple approximate correction for GIA effects (see
section 4). For the latter, we use the ICE3 and ICE4 solutions for the three representative
EMs, and approximate these by a linear RSL adjustment by +0 m at 135 ka to +4 m at 115 ka,
to obtain roughly approximated GMSL values (Supplementary Figure 7). These rough
adjustments are sufficient because we are concerned with a basic consistency test only.

In essence, we approximate fringing-reef development by assuming total occupation of
available accommodation space by reef growth, subject to certain limitations. First, it is
assumed that accommodation space for coral growth has an upper depth limit at -1 m water
depth, to represent Mean Low Tide over an array of regions, from microtidal regions to
regions with large tidal ranges. The chosen value does not affect our conclusions; changes
merely shift the simulated reef records up and down in absolute terms. Second, it is assumed
that reef-growth rate is optimal over the first 20 m below the upper depth limit, and that it
then linearly tapers to zero at about 100 m depth. Third, the model explores two variables:
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(a) the influence of reef tolerance to drowning due to rapid sea-level rise; (b) the inverse,

namely reef tolerance to rapid sea-level lowering.

20 + Supplementary Figure 7. Identification
of reef-growth phases portrayed in
10 4 Supplementary Figure 8. Solid lines
portray PM (black) and Median (yellow) of
— the probabilistic Red Sea RSL analysis
E 01 (Figure 2g). Dashed lines portray PM (black)
° and Median (yellow) as above, but after
% schematic GIA correction to rough GMSL
3 -10 7 values based on linear approximation
between 0 m adjustment at 135 ka, and 5 m
-20 - adjustment at 115 ka. Colours and numbers
refer to reef accretion phases in
Supplementary Figure 8.
-30 -

115 117 119 121 123 125 127 129 131
Age (ka)

The experiments (Supplementary Figure 8) start with a sea floor of arbitrary slope. The
vertical axis is specified in metres, and the arbitrary slope determines an arbitrary
horizontal axis (coastal/shelf width). The chosen slope does not change the modelled
pattern of reef formation; it only compresses (steeper slopes) or widens (shallower slopes)
the reconstructions laterally. When the simulated sea floor falls within the upper zone of
optimal growth, the model allows a reef to fill the entire accommodation space to the limiting
depth of -1 m, except when the sea-level lowering or rise thresholds are exceeded, in which
case growth is halted. Results over a wide range of specified sea-level lowering threshold
values indicate that this parameter has no appreciable impacts so it is ignored hereafter. In
contrast, the tolerance threshold value for sea-level rise is critically important.

When sea-level rise exceeds the specified tolerance threshold value, the reef "drowns" and
growth is halted in the model until sea-level rise returns below the threshold again. Although
coral populations have evolved through the Plio-Pleistocene to cope with rapid sea-level
fluctuations?3>, threshold values for “keeping up” versus “drowning” still vary per taxon.
Fast-growing taxa include Acropora and Pocillopora, while slow-growing corals include
Porites and faviids!3¢. Slow growers have typical growth rates of 10-20 mm/y and fast
growers can reach 40-100 mm/yRefs136,137 ndividual species growth rates (and hence the
dominant assemblages) have an impact on reef accretion rates, and typically reef accretion
rates are around 4 mm/y (range: 1-9 mm/y, or 0.4 *95/_93 m per century, m/c)138139 with
very high values up to 26 mm/y or 2.6 m/cRef138 and only in exceptional cases reaching 30
mm/y or more (3 m/cRefs86140) Higher values can be accommodated only by landward
stepping of reef growth, e.g,, the ~5 m/c of melt-water pulse 1a, at around 14.5 kaRef86, To
bracket all options, we explore values from 0.5 m/c to 6 m/c.

The expected reef expression for different modelled LIG phases varies considerably as a
function of the specified value of tolerance to “drowning” due to sea-level rise
(Supplementary Figure 8). It is especially striking that reefs with exceptional drowning
tolerances (thresholds >3 m/c; Supplementary Figure 8e-h) are needed to obtain significant
expressions of the highest peak (Phase 1b; Supplementary Figures 7 and 8). Even higher
tolerances (>4 m/c; Supplementary Figure 8f-h) are needed before that peak would develop
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strong expressions. In areas with reef assemblages with tolerances within the observed
range (<3m/c), Phase 1b would be hardly developed, if at all (Supplementary Figure 8a-d).

Over the range of the most common tolerance levels (0.5 to 2 m/c), the model suggests that
most LIG reef deposits should be expected to occur between -2 and +5 m, relative to GMSL,
with negligible expression of rapid sea-level variability (Supplementary Figure 8a-c), which
is reasonably consistent with reported observations (Supplementary Figure 9). We,
therefore, contend that absence of reef deposits at higher elevations does not imply
inconsistency with the Red Sea-based sea-level target curve used here.

Note that our simple exercise reports all results relative to GMSL. It is possible that local GIA
and/or tectonic movements relative to GMSL created exceptional “windows” that allowed
preservation of Phase 1b expressions even in regions that have reef assemblages with
drowning tolerances <3 m/c. Essentially, vertical ground movement (uplift) would in those
cases (partially) offset rapid sea-level rise to a sufficient degree to prevent reef drowning.
We suggest that more elaborate/realistic predictive modelling along with GIA and tectonic

assessment may in future provide clues to identify the most promising (especially uplifting)
locations for recovering Phase 1b.
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Supplementary Figure 8. Idealised modelled reef units for a schematic Red Sea probability maximum-
based global mean sea level (GMSL) reconstruction. Successive panels (a-h) represent model results for
different specified reef “drowning” tolerance threshold values (in terms of rate of sea-level rise), as indicated
on the right-hand side. Colours identify different LIG reef phases, as per Supplementary Figure 7.
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Supplementary Figure 9.
Histograms of Last Interglacial
coral elevations corrected for
tectonic uplift or subsidence since
the time of formation (from the
compilation of Ref.87). A. All corals of
LIG age1,8,9,13,17,21,22,26,28—30,37,66—
727679,83-90,120-143  (grey). B. Subset
from A that fulfils age reliability
screening criteria (blue) (calcite <2%,
232Th concentration < 2 ppb and

8234Uinitial = 147 = 5 %)89.75.79,102,109-
114,143,13,147,15,25,29,69-71,73

24



Supplementary Note 6.

Rates of sea-level drop between sea-level rise events during the LIG

We acknowledges that it is not yet fully possible to reconcile the high rates of sea-level
variability observed in geological archives with current understanding of ice physics. High
rates of sea-level rise may be explained through dynamic processes of ice-mass loss that are
underestimatede#-167.168_However, high rates of sea-level lowering require high rates of ice-
mass growth, and are less easy to explain. In our Red Sea reconstructions, translated to GMSL
as explained in sections 4 and 5, rates of sea-level change are less than -1 m/c for all lowering
events bar one (at ~119.1 ka in the GMSLpwm reconstruction; i.e., that based on the calculated
probability maximum) (Supplementary Figure 10). Moreover, average sea-level drop values
across entire intervals of sea-level lowering range between -0.23 and -0.63 m/c.

We can consider these values in a rough ball-park assessment. Gross ice accumulation over
Greenland and Antarctica is determined by snowfall. This precipitation is not likely to stop
because it depends on moisture availability (evaporation) and active weather systems. Gross
accumulation over Antarctica today is equivalent to about -0.6 m/c sea-level change!®®, and
for Greenland about -0.16 m/c sea-level changel’%. Thus, the present sea-level drop at no
mass loss would be about -0.76 m/c sea-level change. Yet, the zero mass-loss criterion is
unrealistic because melt and calving cannot be expected to be entirely zero. Still the value is
considerably larger than the average sea-level drop values we infer across entire intervals
of sea-level lowering (-0.23 to -0.63 m/c), while significant warming around Antarctical’!
and reduced sea-ice cover!’?2 would allow substantially increased moisture supply. This
seems to be supported by a 30% accumulation rate increase, from ~30 to ~39 kgm-1y-1 at
EPICA Dome Cref173, We also note that LIG mass loss is considered to have differed from the
present in that fast ice-volume reduction phases led to isostatic rebound with resultant ice-
shelf re-grounding, which then may have limited mass loss174-178,

GMSL and dGMSL/dt based on Red Sea Probability Maximum (red) and Median (blue)

ST T T T T T T T 20

Rates of change (m/c; solid lines)
GMSL (m; dashed lines))

| | | | | | | |
-5
116 118 120 122 124 126 128 130 132

Age (ka)
Supplementary Figure 10. Global mean sea level (GMSL, see Supplementary Figure 5) based on the Red

Sea probability maxima (PM) and median reconstructions (red and blue dashed lines, respectively),
along with their rates of change (solid). Data density for KL.11 alone is too low <116 ka for robust results.
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