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G E O C H E M I S T R Y

Episodic reef growth in the Last Interglacial driven by 
competing influence of polar ice sheets to sea level rise
Karen Vyverberg1, Andrea Dutton1,2*, Belinda Dechnik3, Jody M. Webster3, R. Lawrence Edwards4, 
Dan Zwartz5, Pu Zhang4, Mathieu Pythoud4, Robert M. DeConto6

Rapid, millennial-scale changes in sea level have been proposed for the beginning, middle, and/or end of the Last 
Interglacial (LIG) [~129 to 116 thousand years ago (ka)]. Each of these scenarios has different implications for polar 
ice sheet behavior in a warming world. Here, we present a suite of 230Th ages for fossil corals in the Seychelles 
within a detailed sedimentary and stratigraphic context to evaluate the evolution of sea level during this past 
warm period. The rise to peak sea level at ~122 to 123 ka was punctuated by two abrupt stratigraphic discontinui-
ties, defining three distinct generations of reef growth. We attribute the evidence of episodic reef growth and 
ephemeral sea-level fall to the competing influence of Northern Hemisphere ice melt and Antarctic ice regrowth. 
Asynchronous ice sheet contributions would mask the full extent of retreat for individual ice sheets during the LIG 
and imply greater temperature sensitivity of ice sheets than previously inferred.

INTRODUCTION
The Last Interglacial (LIG) provides us with a window into the past 
to explore the stability of ice sheets and sea level when global mean 
temperatures were similar to those of today, and the polar regions 
were at least a few degrees celsius warmer (1–7). Estimates of peak 
global mean sea level (GMSL) from far-field sites during the LIG 
range from 5.5 to 9 m above present (1, 8–10), while more recent 
reconstructions based on sites across the Bahamas platform suggest 
a lower peak between +1.2 to 5.3 m (11) or 0.4 to 2.7 m (12). The 
potential influence of the solid earth on vertical movements of the 
land surface (dynamic topography) casts additional uncertainty on 
the absolute magnitude of this peak (13). Those uncertainties not-
withstanding, there is considerable independent evidence that both 
poles were warmer than present and that the Greenland ice sheet, 
and possibly the Antarctic, retreated relative to their modern con-
figurations [see summary in (1)].

Establishing the absolute timing and rates of GMSL change dur-
ing the LIG has the potential to reveal the dynamics of polar ice 
sheets in a warmer world and leads and lags within the climate sys-
tem (e.g., relative to temperature, greenhouse gas concentrations, 
and solar insolation) that are pertinent to ongoing modeling efforts 
to project the magnitude and timing of future GMSL change [e.g., 
(14)]. Comparison of existing reconstructions reveals considerable 
debate regarding the timing, rate, and number of sea level peaks 
during the LIG sea level highstand (15–22). For example, the re-
ported timing of peak sea level at individual localities ranges from 
~122 to 114 ka (table S1). The stability of the Greenland ice sheet 
(GIS) and the Antarctic ice sheet (AIS) has also been questioned in 
response to numerous empirical sea level reconstructions that con-
tain evidence for suborbital frequency oscillations in sea level with-
in the LIG highstand (1, 15, 18, 20, 21, 23), while others have argued 
for a relatively stable sea level (11, 12, 24–26).

Shallow-water coral reefs are often used to reconstruct LIG sea 
level as they grow at or near sea level (27) and can be precisely dated 
using the 230Th system (28). Fossil reefs that are far-field from the for-
mer ice-age Northern Hemisphere (NH) ice sheets are especially use-
ful for LIG GMSL reconstructions as glacial isostatic adjustment 
(GIA) corrections are smaller and less sensitive to earth model pa-
rameters. The granitic Seychelles islands are a far-field site with re-
spect to the margins of the Last Glacial Maximum ice sheets (8, 29, 30) 
and are considered tectonically stable since the Late Eocene based on 
the absence of any younger igneous intrusions (31). Previous work in 
the Seychelles provided a far-field estimate of the magnitude of peak 
sea level (9) and documentation of the sedimentary context for the 
radiometrically dated corals that we present here, including paleowa-
ter depth assessments of the coralgal assemblages as well as detailed 
sedimentary and stratigraphic analysis (32). Here, we provide 86 
230Th ages from 24 individual fossil corals to establish the timing and 
rates of sea level change, in relation to concomitant changes in climate 
forcing and coral reef response.

RESULTS
The geologic and sedimentary context of the limestone outcrops 
and the dated coral samples are briefly summarized here and de-
scribed in detail elsewhere (9, 32). We studied limestone outcrops 
with in situ coralgal reef framework from the inner margin of the 
LIG reef, which represent the shallowest coral growth in the lagoon 
and resemble the morphology of modern reef deposits presently grow-
ing on granite bedrock that protrudes above the modern reef flat. The 
fossil corals sampled lived within a narrow paleowater depth range 
(0 to 2 m) that is inferred based on modern analogs of reef assem-
blages, providing a tight constraint on the position of past sea level 
(32). The outcrops contain a stratigraphically discontinuous succession, 
with episodes of reef accretion interrupted by sharp discontinui-
ties that are variably covered by coralgal rubble layers or lateral 
encrustations of the hydrozoan coral Millepora exaesa (Fig. 1). In 
two outcrops, there is convincing sedimentary (karstification and car-
bonate cement stratigraphy) and/or geochemical evidence (stable 
oxygen isotopes) of subaerial exposure, suggesting that the younger 
discontinuity resulted from a temporary drop in relative (local) sea 
level (RSL) (32).
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Corals in their original growth position from LIG fossil reef de-
posits on Curieuse and La Digue islands (fig. S1) were 230Th-dated in 
triplicate (see Materials and Methods). These data contribute 86 ad-
ditional dates to the existing 68 high-precision dates from the Sey-
chelles (9, 33), making it one of the most densely dated LIG sites in 
the world. The 230Th ages for each coral head (plotted as the inverse 
variance-weighted mean of multiple subsamples) reveal a trend of 
steadily decreasing age with increasing elevation (Fig. 2). Corals col-
lected in protected caves (sites 8, 22A, and 32) plot below this trend, 
indicating that the caves represent a slightly deeper water environ-
ment than the remaining corals that were collected from exposed, 
seaward facing outcrops and define the rising sea level trend. Two cor-
als collected by another field team (33) plot below the rising sea level 
trend; we were unable to independently verify their sedimentary con-
text or primary growth position in the outcrop. We note that the ris-
ing sea level trend is reproduced by overlapping ages and elevations 
for each outcrop despite having to independently establish the vertical 
datum at each outcrop studied. This agreement provides multiple, in-
dependent sites of replication and also suggests that the corals sam-
pled were living within a narrow paleowater depth window in the 
uppermost subtidal range, even narrower than our more conservative 
estimate of 0- to 2-m water depth (32). A trend of gradually rising 
GMSL during the LIG is also supported by other far-field data outside 
of the Seychelles region. For example, when corrected for GIA, coral 
U-Th data from both the Seychelles and Western Australia indicate a 
gradual rise in GMSL across the LIG from 129 to 122 ka, although the 
slope of the upward trend is sensitive to the GIA correction applied 
(see Materials and Methods and Supplementary Text) (Fig. 3).

DISCUSSION
LIG corals recovered from emergent limestone outcrops in the Sey-
chelles span a 6000-year time frame from 128.7 ± 0.5 to 122.8 ± 0.5 ka 
before present (B.P.), where present is 1950. Notably, this record 

does not encompass the entire LIG GMSL highstand that is thought 
to have persisted for another 6000 years or so (26). We interpret that 
the most landward portions of the LIG reef that we have sampled 
represent the rise in RSL to its peak and that as RSL began to fall, the 
reef prograded offshore and has since been removed due to weather-
ing and karstification during the last glacial cycle. Hence, our dis-
cussion is focused on reconstructing the sea level history from the 
6000-year interval at the beginning of the LIG GMSL highstand.

Timing of peak sea level
The two youngest ages, 123.0 ± 0.6 and 122.8 ± 0.5 ka B.P., are the 
same within reported uncertainties and represent the highest col-
lected coral from each of two sites on opposite sides of La Digue Is-
land (32). The highest corals in both outcrops display morphologies 
that are adapted to extremely limited accommodation (i.e., en-
crusters associated with the intertidal zone), providing a tight con-
straint on peak RSL at 7.4  ±  0.1 m. Our observations are not 
consistent with the notion of a late, rapid peak in sea level during the 
LIG (17, 20) as there is no sedimentary evidence for later submer-
gence of these shallow water corals. To the contrary, the uppermost 
coralgal facies in the outcrops studied indicates extremely limited 
vertical accommodation space and depositional characteristics as-
sociated with the uppermost subtidal to intertidal zone (32). Despite 
extensive reconnaissance on five islands, we did not find outcrops at 
higher elevations.

The timing of peak GMSL at ~122 to 123 ka B.P. agrees with 
closed-system ages for the end of the main phase of reef growth at all 
of the other densely dated LIG reef sites (Western Australia, Barbados, 
and Bahamas) (Fig. 3) (26, 34, 35). Peak RSL in the Seychelles also 
appears to be coincident with the timing of maximum retreat of 
the GIS according to a suite of coupled ice sheet climate models and 
data from proximal marine cores (5, 36–39), which occurs several 
thousand years (kyr) after peak NH insolation at 127 ka B.P. (40). This 
lag in minimum ice volume relative to NH insolation is in apparent 

Fig. 1. Outcrops with lithostratigraphic units, coral assemblages, sample locations and ages. At (A) site 7, (B) site 11, and (C) site 33, episodes of reef growth defined by dis-
conformities (dashed lines) capped by lateral encrustations of M. exaesa or coral rubble. White scale bars are 30 cm unless otherwise noted. Lithostratigraphic units are shown to 
the right of each photo where the italicized letters inside the box (A and B) refer to the coral assemblage (table S2). Panels (D) and (E) are examples of the two types of disconti-
nuities observed in the outcrops. “Cor” denotes corals. Thin white line in (D) denotes top surface of M. exaesa. Photo in (A) is a splice of two separate photos. Photo credits: A. Dutton.
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agreement with the decade-old prediction by (41), but we note 
that the major inflection in rate of GMSL rise occurs at ~129 ka BP, 
which demarcates the end of the main phase of deglacial sea level 
rise and the onset of the interglacial sea level highstand.

The estimated rate of GMSL rise averaged over the entire LIG 
Seychelles record ranges from 0.29 ± 0.03 m/kyr to about 0.62 m/
kyr (see Materials and Methods) depending on the assumed GIA 
contribution, which is an order of magnitude lower than contempo-
rary rates of GMSL (42). The 1.7-m magnitude of GMSL rise ob-
served across the interglacial agrees with the lower end of estimated 
GIS melt contributions (0.6 to 5.1 m) (1, 39, 43) but does not pre-
clude the possibility of greater GIS melt that is partially offset by AIS 
growth as the NH warmed and the Southern Hemisphere cooled as 
the LIG progressed (44).

Relative sea-level change captured by sedimentology 
and stratigraphy
The most intriguing observations arising from our Seychelles sea 
level reconstruction are provided by the pairing of our chronology 

with a detailed sedimentologic analysis (32) revealing an episodic 
nature to reef growth (Fig. 2). While the age-elevation data taken 
alone suggest a steady increase in RSL from ~128 to 123 ka BP, there 
are in fact three distinct episodes of reef growth (reefs A to C) punc-
tuated by two abrupt discontinuities within this period (Fig. 2 and 
fig. S2). Using corals to bracket the timing of these interruptions to 
reef growth in each outcrop, we dated the first interruption in reef 
growth to ~126 ka B.P. and the second to ~124 ka B.P.

The first discontinuity between reefs A and B is observed as either 
a layer of coral rubble or an encrusting hydrozoan coral (M. exasea) 
that grew several centimeters thick but extends laterally over the en-
tire reef A structure. Although coral rubble is not associated with a 
single environmental origin, M. exasea is known to encrust surfaces 
of dead coral (32). We were unable to find sedimentary evidence that 
pinpoints the precise cause for the demise of reef A (e.g., bleaching, 
disease, or sea level fall), but note that the sedimentary features of this 
discontinuity (coral rubble and encrustation by M. exasea) are identi-
cal to the discontinuity between reefs B and C. This younger disconti-
nuity is associated with observational and geochemical evidence of an 

Fig. 2. Age and elevation of fossil corals from the Seychelles. Coral ages are shown with 2σ uncertainties [diamonds, this study and squares from (9)]. Elevation error 
bars are 1σ uncertainties, and paleowater depth range (translucent blue bars) is based on coral taxonomy, assemblage, stratigraphic context, and coral and outcrop mor-
phology. Samples collected in caves represent a deeper coral facies (32). Open symbols indicate uncertain stratigraphic context for previously published data (33). Colored 
horizontal bars above the data correspond to site-specific hiatuses in reef growth associated with M. exaesa or rubble layers bound stratigraphically by dated corals. 
Symbols with a black asterisk were used to calculate the timing of the base and top of each reef unit (table S4). Horizontal gray arrows denote the uncertainty on the 
bounding ages on reef growth.
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ephemeral sea level fall and subaerial exposure in the form of freshwa-
ter and marine carbonate cement stratigraphy and stable oxygen 
isotope analysis of these cements (32). Given the shared sedimentary 
characteristics with the similar disconformity up section, a brief sub-
aerial exposure is also the most likely explanation for the discontinu-
ity between reefs A and B.

In summary, the sedimentology and stratigraphy provide evi-
dence for three distinct pulses of sea-level rise, punctuated by at 
least one (most likely, two) brief episode(s) of sea level fall. Because 
reefs are accretionary structures, they are better at recording inter-
vals of sea level rise that create accommodation space for the reefs to 
accrete vertically, but it is more challenging to use them to capture 
the magnitude of falling sea level. In the case of the two disconfor-
mities, using our working hypothesis that they both represent epi-
sodes of brief sea level fall, they appear to have occurred quickly, 
e.g., sea level fall and subsequent rise occurring within an estimated 
500 years for the discontinuity at ~126 ka B.P. We note that the ana-
lytical uncertainties of the ages above and below the disconformity 
at ~126 ka B.P. are overlapping, so the sea level oscillation is happen-
ing at a timescale that is finer than our chronological resolution 
based on the reported analytical uncertainties. However, we also 

note that the accuracy of coral ages from different outcrops that mark 
the beginning and end of reef growth around this disconformity are 
remarkably reproducible, differing by a mere 21 to 22 years.

Temporal progression of climate and reef stratigraphy
On the basis of previously published data and modeling studies 
summarized in the following discussion, we put forth a hypothesis 
that the episodic reef growth observed in the Seychelles reflects the 
competing influence of the growth and decay of ice sheets in the 
Northern versus Southern Hemispheres (Fig. 4). Several modeling 
studies suggest that the AIS contributed meltwater early in the LIG 
and then began to regrow as temperatures cooled in the Southern 
Ocean (14, 45, 46). In contrast, data and modeling studies of the GIS 
indicate that meltwater contributions peaked later in the LIG and 
that retreat to ice volumes smaller than the present configuration 
began after 127 ka, reaching maximum retreat around 121 to 122 ka 
B.P. before regrowing [e.g., (36, 37, 43)]. In the following, we detail 
evidence that leads us to conclude that reef A most likely grew in 
response to sea level rise driven by AIS retreat, whereas reefs B and 
C filled accommodation space created by meltwater contributions 
from the NH. Furthermore, we propose that the disconformities 

Fig. 3. Comparison of sea level, North Atlantic proxies, speleothem, and ice core records. Sea level data on left panel, top to bottom: Coral 230Th data for the shallow-
est corals from the Seychelles [this study and (9)], Western Australia and Barbados (84), and submerged speleothem 230Th from the Yucatan (69). The GIA correction intro-
duces an additional vertical uncertainty, not shown here, to the datapoints from the Seychelles and Western Australia. Deep sea and speleothem data on middle 
panel, top to bottom: North Atlantic deep sea core MD03-2664 data (51, 60) on the Corchia cave timescale (52) for benthic δ18O and δ13C, % ice-rafted debris (IRD) and 
Neogloboquadrina pachyderma (sinistral) (Nps) coiling ratio, summer sea surface temperature (SST) estimate, Asian monsoon intensity (50), and speleothem δ18O for Corchia 
Cave denoting aridity (52). Timing of the red sediment layer (LILO) in the Labrador Sea denoted by red arrow. Ice core data on right panel, top to bottom: NEEM ice core 
δ18O (5), Greenland synthetic temperature (85), and NH insolation (40), atmospheric CO2 (47) and CH4 (48), Epica Dome C (EDC) δD (4), and South Hemisphere insolation 
(40). Red vertical bars denote timing of discontinuities in the Seychelles reef section, and gray vertical bars are defined by labels in the left panel.
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both formed due to sea level drawdown as the AIS began to regrow. 
When rates of NH melting exceeded those of Southern Hemisphere 
ice growth, this created the accommodation space for reefs B and C 
to develop.

Reef growth in the Seychelles during the LIG initiates at 128.7 ± 
0.5 ka B.P. at nearly +6 m (all elevations relative to MSL) at the onset 
of the sea level highstand. We were unable to document the initial 
rise of sea level from 0 to +6 m because the corals at lower elevations 
have been eroded or geochemically and mineralogically altered by 
modern wave action and storm surges, making the corals we col-
lected at lower elevations unsuitable for dating. The onset of the sea 
level highstand (reef A, 128.7 ± 0.5 ka B.P.) is coincident with peaks 
and sharp transitions in ice cores [peak atmospheric CO2 (47) and 
CH4 (48) and Antarctic temperatures (4), abrupt shift in deuterium 
excess values, all at 128.5 to 128.7 ka] (49), the Asian Monsoon 
(transition at 128.9 ka) (50), and aligns with the onset of a brief 
interval of peak sea surface temperatures in the North Atlantic 
(51, 52). Hence, a wide variety of climate archives calibrated on sev-
eral independent chronologies show a remarkably synchronous and 
abrupt, bi-hemispheric response.

Given indications that meltwater contributions from the GIS largely 
came later in the LIG, the rapid establishment of high elevation corals 
at the onset of the highstand was previously interpreted to reflect a 
contribution of meltwater from a sector of the AIS occurring within 
or at the end of the penultimate deglaciation (9). Several subsequent 
studies presented a variety of observational and modeling evidence 
for an early LIG meltwater contribution from the AIS. Early AIS 
retreat could have been driven by a bipolar see-saw response to the 
massive influx of freshwater into the North Atlantic during Heinrich 
event 11 (53) within the penultimate deglaciation. Ice sheet modeling 
studies of the AIS also suggests an early Antarctic contribution to sea 
level in the LIG (14, 45). Another study that used transient climate-ice 
sheet modeling of the AIS across the LIG suggested that the marine-
based portion of the Eurasian ice sheet may have contributed to the 
rapid meltwater influx during H11 that increased subsurface warm-
ing that ultimately triggered some retreat of the AIS, although in that 
simulation the marine-ice sheet instability response in the AIS is de-
layed by a few kyr relative to the temperature forcing (54). An early 
LIG Antarctic meltwater contribution is also supported by the timing 
of the absence of ice in the Patriot Hills, Antarctica that is immedi-
ately preceded by a high abundance of methane-utilizing microbes, 
interpreted as resulting from subglacial methane hydrate destabiliza-
tion due to ocean warming (55). In addition, an independent assess-
ment of AIS volume changes across the LIG based on a comparison of 
seawater salinity in the North Atlantic with the Red Sea sea level re-
construction suggests AIS meltwater contributions early in the LIG 
that precede contributions from the GIS (18). Last, coastal archives in 
northern Europe and the UK also suggest an early contribution from 
Antarctica (56). Collectively, these studies lend weight to the interpre-
tation that Antarctica contributed meltwater at or before the onset of 
the LIG sea level highstand.

Moving up section, the discontinuity that caps reef A is inter-
preted as most likely having formed due to an ephemeral sea level 
fall. Higher-than-modern temperatures are observed in Southern 
Ocean surface waters and peak temperatures are recorded by Antarctic 
ice cores in the first couple kyr of the LIG, from ~129 to 127 ka (4, 44). 
Subsequent cooling in the Southern Ocean and ice core records 
drives regrowth of ice in AIS in ice sheet models through the re-
mainder of the LIG (14, 45). We hypothesize that AIS regrowth con-
tributes to an ephemeral sea level fall in the far-field, including the 
Seychelles, where the magnitude of RSL fall would be slightly higher 
than that of GMSL fall owing to gravitational effects (29). Because 
the reef A corals were growing in extremely shallow water, even a 
small RSL fall of 1 m in the Seychelles may have been enough to 
subaerially expose the reef and cause the corals to die.

The base of reef B that overlies this disconformity marks the 
initiation of a major episode of reef growth in the Seychelles at 
125.7 ± 0.5 ka BP. We hypothesize that accommodation space for 
reef growth was provided in part by a pulse of meltwater in the 
North Atlantic derived from the disintegration of the Laurentide ice 
sheet (LIS), similar to the 8.2-kyr event in the Holocene when the 
LIS broke up into separate domes (57, 58). Meltwater from the GIS 
may have added to GMSL rise during this second interval of reef 
growth as well. The base of reef B at ~126 ka B.P. aligns temporally 
with widespread anomalies and abrupt transitions observed in 
North Atlantic climate and oceanography and ephemeral weaken-
ing of the Asian Monsoon and aridity in Europe (Fig. 3 and fig. S3) 
(50–52, 59, 60). While numerous multicentennial-scale climate and 
oceanographic anomalies have been documented during the LIG in 

Fig. 4. Phasing of ice sheet retreat in each hemisphere from ice sheet models 
and ice sheet budgets for two time slices. (A) Early retreat of the Antarctic ice 
sheet [AIS-1 scenario b from (45), AIS-2 from (14), AIS-3 from (46)], two models show-
ing later maximum retreat of the Greenland ice sheet, GIS-1 from (37) and GIS-2 from 
(38). Stars denote the timing and elevation of GMSL by adding the two GIS scenarios 
to the higher AIS-1 scenario (solid stars) and to AIS-3 (open stars). The total sum 
GMSL over time reflects the sometimes-competing influence of ice decay versus ice 
growth. Evolution of the LIS is not depicted but is inferred to supply an additional 
source of meltwater at ~126 ka B.P. (see Discussion). (B) Implied magnitude of indi-
vidual ice sheet contributions from these transient ice sheet models early in the LIG 
and near the time of peak GMSL. As shown, any residual ice in the LIS early in the LIG 
(magnitude unknown) would have to be compensated by meltwater from another 
source such as the AIS to match the observed GMSL. Hence, even if GMSL was the 
same as present at ~129 ka B.P. (54), if there was a residual LIS present, then this must 
have been compensated with meltwater from another source.
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the North Atlantic (52), the most prominent of these occurs at ~126 ka 
BP and is well-characterized by data from deep sea core MD03-2664 
from the Eirik Drift off the southern tip of Greenland that are shown 
plotted on an age model derived from aligning the pollen abun-
dance off the Portugal margin with the U-Th dated Corchia Cave 
speleothem δ18O record (52). The higher climate variability in this 
region than during the Holocene has been attributed to incursions 
of meltwater from the GIS (52). Here, we propose that some of this 
variability was also driven by the LIS, the remnants of which may 
have persisted during the early LIG sea level highstand (58, 61).

At ~126 ka B.P., geochemical, sedimentary, and faunal proxies 
reveal a rapid southern expansion of the polar front, SST cooling of 
~2°C, a spike in planktic foraminiferal Ba/Ca (signaling Ba-rich gla-
cial meltwater), abruptly lower benthic δ13C values and deposition 
of a fine, red sediment layer (60). Sites proximal to East Greenland 
record a rapid pulse of meltwater discharge (freshening and cooling 
of surface waters) and subsurface warming (59). Together, this suite 
of proxies indicates a pulse of meltwater in the surface ocean in the 
North Atlantic, creating a freshwater lid that pushed the polar front 
to the south that resulted in contemporaneous aridity in Europe and 
a slight weakening of the Asian Monsoon.

The red sediment layer that is notably lacking in ice-rafted debris 
is ubiquitous in the Labrador Sea and has previously been interpreted 
as resulting from a Laurentide outburst flooding event similar to the 
Holocene 8.2-kyr event that is associated with the deterioration of 
the Laurentide and delivery of Hudson Bay–sourced sediments into 
the Labrador Sea (61). This event has been dubbed as the Last Inter-
glacial Laurentide Outburst (LILO) in (58). Hence, we infer that the 
pulse of meltwater that initiates at ~126 ka was largely or partly de-
rived from the LIS.

The resulting rise in GMSL due to meltwater emanating from the 
NH would have provided additional accommodation space for con-
tinued reef growth in the Seychelles (reef B), which is character-
ized by coral assemblages that are found in shallow (0 to 2 m) to 
intertidal water depths. At several sites, reef B is characterized by a 
monogeneric assemblage of Goniastrea sp., which likely represents 
an intertidal depth range (62). Hence, this assemblage reflects an ex-
tremely shallow-water environment and indicates that the reefs were 
able to keep up with this pulse in sea level rise as the reef accreted 
vertically. The magnitude of the rise in the Seychelles would have 
been greater than the global average by roughly 10 to 13% due to the 
sea level fingerprint of meltwater emanating from the GIS or LIS (29).

The 126-ka event marks the base of the reef B growth phase in 
the Seychelles, but unfortunately, the upper portion of Reef B is 
mineralogically altered (original coral aragonite has been partially 
converted to calcite), making it hard to date (Figs.  1 and  2). The 
surface of reef B at Grand Anse (site 11) is more heavily karstified 
than even the uppermost surface of any outcrop observed. This is 
noteworthy because the uppermost surface of the LIG outcrops has 
been exposed for the entire last glacial cycle. We hypothesize that 
lower solubility was promoted by the mixing of freshwater and sea-
water that would result from a small sea level fall at ~124 ka B.P. We 
also recovered a sequence of marine cement overlying a freshwater 
cement in the primary reef pore space in the upper portion of reef B 
at Anse Source d’Argent (site 7) (32). This combination of evidence 
leads us to interpret a temporary RSL fall that subaerially exposed 
the upper portion of Reef B, precipitating freshwater cements, 
promoting dissolution and karstification through the mixing of 
freshwater and seawater, and altering the coral skeletal mineralogy. 

Because the dissolution and karstification immediately below this 
discontinuity is much greater than observed for the top of reef A, we 
infer that the magnitude of sea level fall was greater, more pro-
longed, or some combination of the two in comparison to the 
ephemeral sea level fall at ~126 ka. Reef B is terminated by an abrupt 
discontinuity and transitions up section into coral rubble or later-
ally encrusting M. exasea, depending on the outcrop. The end of this 
discontinuity (base of reef C) is dated to 124.1 ± 0.2 ka B.P., but a 
bounding age on the end of reef B growth could not be determined 
owing to poor preservation.

The sedimentary evidence indicates that sea level fell at ~124 ka 
B.P., exposing the upper portion of reef B and developing the dis-
continuity between reefs B and C, at a time when models and data 
support ongoing retreat of the GIS [e.g., (5, 43)]. We interpret that 
the ephemeral sea level fall was driven by AIS regrowth that oc-
curred in response to cooling Antarctic temperatures seen in ice 
cores and deep-sea cores (4, 44, 45). Hence, the episodic nature 
of reef growth is interpreted as the response to the competing influ-
ence of the growth and decay of the Antarctic, Greenland, and 
Laurentide ice sheets. This concept of asynchronous polar ice sheet 
contribution to sea level rise during the LIG has also been indepen-
dently inferred using different methods (18). Although our results 
are in broad agreement with the notion of an early Antarctic con-
tribution and later contributions of meltwater from Greenland as 
interpreted in (18), the details of the timing and large magnitude 
(~10 m) of sea level oscillations in their reconstruction differ from 
the Seychelles reef record that provides evidence for three succes-
sively higher peaks in GMSL within a radiometrically dated chrono-
logical framework (fig. S4).

A final phase of reef growth (reef C) caps this discontinuity but is 
limited to <20 cm of vertical growth, and all reef C corals observed 
exhibit morphologies that imply extremely limited accommodation 
space. At site 7, reef C is partially capped with a several-centimeter-
thick, layered coralline algae deposit that would have accumulated 
in the intertidal to supratidal zone. This is interpreted to represent 
the last gasp of sea level rise and reef growth before sea level began 
to fall, eventually leading into glacial inception. This phase of sea 
level rise and reef growth was likely driven by melting from the GIS, 
given that maximum retreat of this ice sheet likely occurred at 
122 ± 1 ka (37–39, 43).

Comparison to other LIG reef sites
Multiple (2–3), distinct generations of reef growth have been previ-
ously recognized at LIG sites around the globe, including the Bahamas 
(15), Barbados (63), Huon Peninsula (64), and the Yucatan Peninsula 
(19), among others [see summary in (18)]. Hence, the observation of 
episodic, multigenerational reef growth is not limited to the Seychelles 
but is a globally pervasive feature of LIG reefs. Open-system behavior 
in corals at all four of these other sites has made it challenging to pin-
point the precise timing of reef growth. To draw comparisons between 
sites, we restrict our analysis to closed-system ages only, which sub-
stantively reduces the size of some of the other datasets but incorpo-
rates only the best-preserved corals while simultaneously avoiding 
assumptions and uncertainties inherent in open-system models that 
are sometimes used to correct ages for altered corals.

The four most densely dated LIG fossil reefs are shown in Fig. 3. 
Maximum elevations of corals from the far-field sites of Western 
Australia and the Seychelles display stable to slowly rising (~0.3 m/
kyr) RSL across the LIG and record a major phase of reef growth 
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from ~129 until about 122 to 123 ka. Far-field sites are characterized 
by a water loading signal from continental levering during the in-
terglacial, which means that a stable to slightly rising RSL would 
be produced only if GMSL was rising during the LIG (Fig. 3 and 
figs. S5, S6) (65). While the rate of the rise is dependent on the par-
ticular GIA model applied, the conclusion that these two sites would 
require a net rise in GMSL across the LIG appears to be robust (see 
Materials and Methods and Supplementary Text). Hence, these two 
sites are consistent in terms of recording a similar timing for the 
main phase of reef growth and the overall pattern of GMSL rise 
across the LIG.

The timing of growth in Reef A at the Seychelles matches that 
observed at the southern sites in Western Australia (Foul Bay, 
Rottnest Island, and Shark Bay) and the landward (oldest) portion of 
the LIG terrace in Barbados (Fig. 3) (35). There is an extensive body 
of literature documenting an ephemeral sea level fall in the Bahamas 
during the LIG (15, 20, 23, 66, 67). Using closed-system ages from 
the two reef units defined in (23), the timing of the transition be-
tween these reef units aligns with the second discontinuity at ~124 ka 
B.P. (Fig. 3) (34). In Barbados, three LIG reef terraces plus one addi-
tional erosional, wave-cut platform that formed during a temporary 
sea level fall were described in (63). Their stratigraphy also places two 
episodes of reef growth (two terraces) before the wave-cut platform, 
followed by one additional episode of reef growth, matching the suc-
cession we have documented in the Seychelles. Two well-defined reef 
units have also been described at Xcaret, Mexico, but the precise tim-
ing of these reef units is uncertain due to poor preservation and lack 
of within-sample age reproducibility (19).

Discerning the magnitude and rates of the ephemeral GMSL fall 
and subsequent rise at ~124 ka is challenging, as there are no data 
from lower, more seaward outcrops in the Seychelles to capture the 
regression since they have been eroded through karstification and/
or from wave action during the Holocene transgression. Notably, 
the sedimentary evidence in the Seychelles would not necessitate a 
sea level fall of ≥4 m and is therefore consistent with the findings in 
(24) that such large magnitude sea level oscillations did not occur.

Following the ephemeral sea level fall and rise at ~124 ka, a final 
episode of reef growth occurs until peak sea levels are reached be-
tween 122 and 123 ka B.P. Other global and regional studies have 
argued for a sea level highstand peak later in the LIG after 121 ka 
B.P. (19), perhaps at ~119 ka B.P. (17, 20). Despite extensive recon-
naissance, no higher corals were found than those of ~122 to 123 ka 
B.P., and these do not show any evidence of later submergence, such 
as younger overgrowths. Instead, they indicate a sea level fall after 
~122 to 123 ka BP, consistent with the falling sea level indicated by 
the data from Western Australia. The lagoon and back reef outcrops 
dated in the Seychelles represent the only LIG material remaining 
above current sea level in the Seychelles. Any seaward material (i.e., 
the reef crest, fore reef, etc.) has been eroded away, including any 
reef development during ephemeral drops in sea level or reef growth 
after ~122 ka B.P.

Our conclusion that there is no evidence for a late, rapid spike in 
sea level [e.g., (17, 20)] is not inconsistent with the observation of 
high elevation corals along the Quobba Ridge in Western Australia. 
The outcrops studied by (17) were surveyed in detail in another 
study and found to have a systematic, measurable change in eleva-
tion that mimics the folded bedrock in the region (68). These obser-
vations demonstrate that tectonic deformation has continued in the 
Quobba Ridge area (near Cape Cuvier) since the LIG period and 

that the high corals observed are not a signal of a spike in GMSL, but 
rather of tectonic deformation.

The combination of coral age-elevation data from the Seychelles, 
Western Australia, and Barbados implies a gradual sea-level fall af-
ter ~122 ka BP that leads into a rapid glacial inception at or before 
~117 ka as constrained by a 230Th-dated submerged (−4.9 m) spe-
leothem from the Yucatan that initiated growth after subaerial expo-
sure (Fig. 3) (69). Although the Bahamas dataset has some ages that 
extend younger than 122 ka B.P., this is consistent with GIA model-
ing that predicts a later peak in RSL at sites sitting on the peripheral 
bulge of the LIS [e.g., (8)] for a scenario where GMSL starts to fall 
before rapid glacial inception, so it does not change our interpreta-
tion of the timing of peak GMSL.

Implications for dynamic behavior of polar ice sheets
We have documented the timing of three distinct episodes of reef 
growth in the Seychelles that are consistent with observations at 
other LIG reef sites around the globe. These three reef units are 
punctuated by two disconformities at ~126 and 124 ka B.P., both 
of which may reflect an ephemeral sea level fall followed by a rapid 
rise. These observations are consistent with an early collapse of a 
sector of the AIS at or before ~129 ka B.P. followed by regrowth su-
perimposed upon episodic meltwater input into the North Atlantic 
from the LIS and/or GIS. This out-of-phase behavior of the ice 
sheets in the Northern and Southern Hemisphere is consistent with 
ice sheet models of the Antarctic and Greenland ice sheets during 
the LIG (Fig. 4). These ice sheet models are consistent with, and in 
some cases forced by, paleotemperature reconstructions that indi-
cate peak temperatures early in the LIG in the Antarctic region and 
later in the LIG in the Arctic [e.g., (44)].

The scenario of some Laurentide ice persisting into the LIG until 
about 126 ka B.P. has been previously proposed by several authors 
based on independent assessments of sedimentological evidence 
paired with age models constructed using orbital and paleomagnetic 
approaches (51, 58, 61). The red sediment observed in Labrador Sea 
cores is similar to the sediment observed in the Holocene portion 
during the 8.2-kyr event that is thought to derive from the Hudson 
Bay region and represent the final deterioration of the LIS. The tim-
ing of the 8.2-kyr event in the Holocene is about 11 kyr after the be-
ginning of the deglaciation [~19 ka (70)] and the LILO event at ~126 ka 
B.P. is 11 kyr after 137 ka B.P., which is the approximate time that the 
penultimate deglaciation is thought to have commenced (71). Hence, 
because termination II (TII, the penultimate deglaciation) leading 
into the LIG occurred over a more compressed time frame than ter-
mination I (71), it is perhaps expected that some portion of the LIS 
persisted for a few thousand years into the LIG.

The state of the cryosphere during the LIG, with retreat implied 
in both Antarctica and Greenland as well as the total loss of the LIS 
(72), stands out relative to other Quaternary interglacials that had 
similar atmospheric CO2 levels but lower GMSL. Recent evidence 
from cosmogenic nuclide data also suggests that the LIG was anom-
alous given that the LIS was more persistent than not during Qua-
ternary interglacials (73). Although this conundrum is yet to be 
solved, one possibility is that the retreat of ice during the LIG stems 
not directly from climate forcing during the interglacial itself but 
rather is a by-product of a particularly rapid deglaciation during 
TII. This was proposed by (54) who used a transient simulation 
to show that a longer interval of Atlantic Meridional Overturning 
Circulation (AMOC) reduction induced by Heinrich event 11 (H11) 
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during TII caused subsurface warming that contributed to excess 
loss from the GIS and AIS during the LIG. That study pointed to the 
marine-based portion of the Eurasian Ice Sheet that had a greater 
extent during MIS 6 than during the LGM as the trigger for rapid 
sea level rise and an extended period of AMOC reduction. Another 
study also invoked subsurface warming at high southern latitudes 
during H11 due to a bipolar seesaw effect to explain AIS retreat to a 
smaller-than-modern configuration (53). What neither of these 
studies was able to explore, due to the lack of a fully coupled ice-
ocean-atmosphere model, is how Antarctic meltwater early in the 
LIG may have created feedbacks on the behavior of ice sheets in 
both hemispheres for the duration of the LIG. In general, while par-
tial retreat of the ice sheet in Greenland has long been explained as 
a response to higher boreal insolation forcing during the LIG in 
comparison to the present interglacial, the proximal cause of AIS 
retreat has remained more enigmatic. Additional studies exploring 
the interplay of ice sheets, oceans, and atmosphere during TII and 
into the LIG are needed to further unpack the mechanisms and tip-
ping points leading to polar ice sheet retreat.

Notably, the scenario we propose suggests that peak contribu-
tions from the AIS and GIS are not coincident, meaning that the 
budget of contributions at peak GMSL at 122 to 123 ka B.P. may re-
quire a larger contribution from the GIS (>2 m) to offset ongoing 
regrowth of the AIS. Likewise, the GMSL budget at the onset of the 
highstand would have incorporated some residual Laurentide ice in 
addition to the Antarctic meltwater contribution, meaning that this 
could imply an even larger AIS retreat to compensate for the re-
maining grounded ice volume in the Laurentide (Fig. 4B). Although 
the West Antarctic Ice Sheet (WAIS) is generally viewed as the most 
vulnerable to collapse, to compensate for remaining ice on North 
America in the early LIG and still explain our observations in the 
Seychelles would seem to require additional ice from Antarctica. 
This raises the possibility that marine-based sectors in East Antarc-
tica may have become destabilized during the transition into the 
LIG sea level highstand, consistent with recent inferences of thin-
ning, melting, and possible retreat in the Wilkes subglacial basin 
(74). While there are multiple scenarios of ice sheet histories across 
the LIG that might equally satisfy our observations in the far field, 
chronological constraints on climatic anomalies in the North Atlan-
tic and their influence on the Asian Monsoon lend additional sup-
port to our interpretation that the abrupt, suborbital meltwater 
pulses that provided accommodation space for reef growth were as-
sociated with stepwise contribution of meltwater at high northern 
latitudes. Moreover, the rapid nature of these sea level oscillations 
points to the potential for stepwise pulses in ice sheet retreat that 
punctuate a more gradual, background rate of melting.

Our results provide observational constraints for future model-
ing of the evolution of GMSL during the LIG. In particular, at the 
Seychelles, we observe three pulses of RSL rise that are punctuated 
by ephemeral drops in RSL that expose the surface of the reef. These 
brief episodes of RSL fall occur so quickly that the age of corals 
growing immediately before and after this interruption to reef 
growth have overlapping analytical uncertainties. Our best estimate 
is that the first ephemeral RSL fall at the Seychelles occurred within 
500 years, indicating rapid rates of sea level fall and rise superim-
posed on a longer-term trend of rising seas. While our 230Th-ages 
coupled with reef sedimentology and stratigraphy help to define the 
timing and nature of GMSL change during the LIG, the relatively 
high elevations of peak RSL in the Seychelles remain difficult to 

reconcile with RSL observations in the Bahamas that seem to imply 
a lower GMSL (8, 12, 54).

The temporal offset in peak insolation in the Northern and Southern 
Hemispheres during the LIG and resulting asynchronous contribu-
tion of the Greenland and Antarctic ice sheets is notably different 
than anthropogenic greenhouse-driven warming that warms both 
poles simultaneously, driving contemporaneous polar ice sheet re-
treat in both hemispheres. The masking of the contribution of indi-
vidual ice sheets to LIG sea level rise due to out-of-phase growth and 
decay of polar ice sheets during the LIG suggests that the individual 
ice sheets may be more sensitive to warming than previously inferred 
from far-field sea level estimates that relied on quantifying ice sheet 
contributions at the time that peak GMSL was attained. Hence, our 
observation of episodic reef growth driven by out-of-phase contribu-
tions from polar ice sheets during the LIG is directly relevant to fu-
ture sea level rise projections. Put simply, peak GMSL during the LIG 
may only represent a lower bound estimate of total future sea level 
rise under global warming conditions given that both poles will be 
contributing simultaneously.

MATERIALS AND METHODS
Experimental design
This work was conducted in four phases: fieldwork, analysis of field 
data, laboratory work, followed by analysis of laboratory data. Dur-
ing the fieldwork phase, we identified outcrops with in situ coralgal 
framework that could provide information about the past position 
of sea level. We documented the outcrops using imagery, surveying, 
and detailed descriptions of the sedimentary and stratigraphic ob-
servations including identification of floral and faunal elements. All 
samples were placed into an elevation reference frame relative to the 
local tidal datum. During the second phase of the project, these field 
observations were analyzed to provide interpretations of coralgal as-
semblages, stratigraphic relationships, and paleowater depth. The 
third phase of the project included assessment of coral preservation 
using visual inspection and x-ray diffraction to assess the mineral-
ogy. A subset of the samples passing this screening process were 
dated using U-series measurements. The final step involved analysis 
of the laboratory-derived data. Details of the methods for each of 
these steps are provided below.

Surveying
Coral elevations for all sites except 4 and 19A were taken at the up-
permost surface of corals in the growth position using a Leica GS14 
differential GPS system in combination with a Leica TS02 Plus total 
station with uncertainties ranging from 0.1 to 0.4 m. Sites 4 and 19A 
were surveyed using a total station with optical level and graduated 
staff as described in (9). Outcrop elevations with respect to a tidal 
datum were determined by comparing a series of 10-min water level 
measurements from an elevation-surveyed HOBO U20 water level 
data logger to the tide gauge record at Point La Rue, Mahé for which 
tidal datums have been previously determined. The water level data 
was then compared to a static GPS measurement at the site of the 
water logger. From this process, we could determine MSL with re-
spect to a model geoid [EGM2008 (75)] on each island and thus 
with respect to each outcrop on an island. We report all elevations 
relative to MSL.

The elevations of the two highest corals are reported as 7.4 ± 0.1 m 
(site 7) and 7.4 ± 0.2 m (site 11) (data S1). We note that the highest 
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observed in situ coral in the Seychelles (from site 7) was previously 
reported at 8.0 ± 0.2 m (9). Subsequently, a 40-cm discrepancy was 
found in the field notes for the elevation survey of site 7, in compari-
son to a later GPS survey of the same outcrop. We also report eleva-
tions here relative to MSL rather than mean low water springs 
(MLWS), which lowers the reported elevation by 0.2 m. Hence, this 
elevation has been revised to the value reported here, 7.4 ± 0.1 m. As 
described in (32), an elevation correction of −1.05 m was applied to 
the corals from Grand Anse (site 11), which is located on the south-
east coast of La Digue. This is because we were initially unable to ref-
erence our elevation measurements at Grand Anse to MSL due to the 
rough swell on this side of the island that is exposed to the southeast 
trade winds and have since corrected it. This correction is further de-
scribed in (32).

Paleowater depth
Paleowater depth estimates were made for each sample based on the 
coral assemblage analysis detailed in (32) and shown in Fig. 2. Four 
assemblages observed in the fossil reef outcrops were defined and 
paleowater depth estimates assigned based on the local modern dis-
tributions of those corals. We further narrow any paleowater depth 
estimates to local modern counterparts, which are observed in the 
back-reef and lagoon between 0 and 2 m below MSL as the samples 
dated here are derived from the most landward extent of the LIG reef.

X-ray diffraction
Corals were assessed for preservation of original aragonite mineral-
ogy (data S2) using techniques described in detail elsewhere (76) and 
briefly summarized here. Measurements were made on a Rigaku Ul-
tima IV with a Copper Kα tube. Low-Mg (LMC) and high-Mg calcite 
(HMC) quantities were estimated using a weighted least squares lin-
ear model for concentrations between 0 and 5%, and a spline model 
for calcite concentrations above 5% at the 95% confidence interval 
(CI). Limits of quantification for this technique are 2.2 and 0.5% for 
LMC and HMC, respectively (76). Based on these limits, samples 
with less than 2.2% total calcite were selected for subsequent 230Th 
dating. Three samples with total calcite slightly greater than 2.2% 
were selected for dating to target a particular stratigraphic interval 
because the uncertainties were large due to the calibration procedure 
(76). Subsequent geochemical data showed two of them to be too al-
tered for inclusion in the final age dataset, and they were stratigraph-
ically inverted relative to the rest of the data set.

230Th dating
Twenty-four corals that passed the XRD screening were subsampled 
into chips and dated in triplicate (separate subsamples) on one of 
two multicollector inductively coupled plasma mass spectrometers 
(Thermo-Scientific Neptune or Neptune Plus) at the Minnesota Iso-
tope Laboratory (fig. S7). The chemical procedures used to separate 
U and Th for dating are as described in (28). For 15 samples mea-
sured on the Neptune, U and Th isotopes were measured on Faraday 
cups and a MasCom multiplier behind a retarding potential quadru-
pole according to protocols described in (77). For the nine samples 
measured on the Neptune Plus, all U and Th isotopes were measured 
on Faraday cups with protocol similar to (77), but with 234U and 
230Th measured on a Faraday cup with a 1013-ohm resistor. We have 
reported all the geochemical data according to the data-reporting 
standards outlined in (78) (data S1). The data were first evaluated for 
detrital Th contamination, and subsamples with 230Th/232Th activity 

ratios <500 were screened out. We also screened out measurements 
that have δ234Ui values > 5‰ away from the value of modern seawa-
ter (145‰) (79). Four coral ages that were stratigraphically out of 
order were also screened out (fig. S7 and data S3). 230Th dates were 
computed using a bulk crustal composition to derive Th-corrected 
ages. Given the low concentrations of detrital Th, this has an insig-
nificant effect on the reported age. Corals with nonreproducible ages 
were also screened out (i.e., subsamples that did not have ages within 
error of each other). These criteria for detecting diagenesis in coral 
samples are well described (9, 27, 79–81), and a total of nine corals, 
of the 24 corals dated, were screened out on the basis of one or more 
of these criteria (data S3). After the data for all the individual sub-
samples were screened, we computed inverse-variance–weighted 
means of the ages for each coral. Changing these screening parame-
ters does not change the primary observations of the dataset or the 
estimates on the timing of the transitions between reef growth.

Three modern Pocillopora damicornis specimens from the 
Seychelles were analyzed, yielding an average δ234U value of 145.3 ± 
1.5‰, which is in agreement with the global average modern coral 
composition (145.0 ± 1.5‰) (79). A comparison of the unscreened 
δ234Ui values from this study and those published by Dutton et al. and 
Israelson et al. (9, 33) that were generated in a different laboratory 
reveals an apparent offset of a few permil between the two datasets, 
which both contain corals from some of the same outcrops (fig. S8). 
This apparent systematic offset prompted us to investigate the 
potential for a bias in the U-series data resulting from different 
calibration techniques used in the laboratories: gravimetric at 
the Minnesota Isotope Laboratory (77) versus secular equilibrium 
(HU-1) at The Australian National University (ANU) (9). Analysis 
of the ANU HU-1 standard at the Minnesota Isotope Laboratory 
showed that the [230Th/238U] is 0.9992 ± 0.00057 and the [234U/238U] 
is 0.99861  ±  0.00057 (δ234U value is −1.39  ±  0.57‰) (table  S3). 
Because both of these activity ratios are slightly less than 1, it makes 
a negligible (~0.02 ka) difference to the ages reported in (9) but 
does change the back-calculated δ234Ui value of the samples ana-
lyzed at The ANU, reducing it by a couple permil and hence remov-
ing the bias originally noted between the two datasets (fig.  S8). 
Therefore, we normalized all of the data from the ANU laboratory 
using the measured value for HU-1 at Minnesota so that the two 
datasets could be integrated. The coral 230Th measurements that 
were measured in other laboratories that are plotted in Fig. 3 for 
comparison to the Seychelles data have all been normalized to 
the same decay constants and have taken account of interlaboratory 
spike calibrations between laboratories as explained in (27).

Timing of reef growth
Duration of reef growth was defined by the ages of the first and last 
corals within a stratigraphic reef unit (table S4). In some cases, mul-
tiple ages were averaged together where data from multiple outcrops 
was used to constrain the timing of the three episodes of reef growth 
(reefs A to C). The discontinuity separating reef A from reef B was 
identified within all the dated outcrops. The overlapping uncertain-
ties on ages from the top of reef A and the bottom of reef B indicate 
that the process giving rise to the discontinuity occurred rapidly, 
potentially within less than 500 years (based on the difference be-
tween the bounding ages) or up to 1.5 kyr if the total range of uncer-
tainty is considered. Given the reproducibility of the accuracy of the 
timing of reef growth between different outcrops, the former esti-
mate is more likely. The timing of the discontinuity between reefs B 
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and C is not as well constrained due to pervasive alteration of the 
corals in the uppermost portion of reef B in all the dated outcrops.

GMSL and rates of sea level rise
The focus of the present study is to assess the timing of reef growth, 
including the timing of peak RSL in the Seychelles. A robust assess-
ment of the magnitude and rates of GMSL during the LIG using the 
combined Seychelles dataset would require further GIA modeling 
including scenarios involving various contributions from the AIS, 
GIS, and LIS that is beyond the scope of this manuscript but remains 
an important target for future work. Here, we discuss some impor-
tant considerations for the relation between RSL and GMSL at this 
site and describe the method used to convert the data to GMSL 
shown in  Fig.  3 as an illustration of an example of what the Sey-
chelles coral data might mean for rates of GMSL rise.

While no region is entirely immune to deformation of the solid 
earth and gravity field, numerical models predict that GIA correc-
tions to RSL for GMSL estimates will be relatively small in the Sey-
chelles (8, 29, 30). We take the highest coral (7.4 ± 0.1 m) to represent 
peak RSL at 122.8 ± 0.5 ka. To estimate the GMSL signal, we use 
the ice-age GIA correction from two different GIA predictions, one 
showing a fairly constant offset between RSL and GMSL, and the sec-
ond that has a small but changing offset between RSL and GMSL 
across the interglacial (fig. S5) (8, 82). Both cases depict a forward 
model where GMSL is held constant at 0 m (equal to present day 
GMSL) without a contribution from the fingerprint of polar ice 
sheets that contributed to the highstand. We then correct the Sey-
chelles RSL data to convert the signal to inferred GMSL (Fig. 3 and 
fig. S6). We note that adding the fingerprint for meltwater derived 
from ice sheets during the LIG would slightly lower the GMSL esti-
mates provided here but by less than a meter. This exercise illustrates 
that despite the differences in predicted RSL between these simula-
tions, to achieve the rising RSL observed in the Seychelles between 
129 and 122 ka would require a rise in GMSL across this time interval 
as well. Similarly, at another far-field site, the relatively stable eleva-
tions of the highest corals in Western Australia across the same time 
interval would also require a rise in GMSL (Fig. 3). While the rate of 
GMSL rise in both of these far-field sites will depend on the specifics 
of the GIA model and parameters, the recognition that there must 
have been a net rise in GMSL across this time interval can be used to 
test other reconstructions of GMSL change during the LIG.

We highlight that the GMSL trends shown in Fig. 3 for the Sey-
chelles and Western Australia do not include the fingerprint of high-
latitude ice sheet contributions during the interglacial that would 
lower the absolute elevation of inferred GMSL and hence should not 
be used as an interpretation of LIG GMSL without this contribution 
factored in. For example, to infer peak GMSL, we note that RSL in 
the Seychelles is projected to underestimate GMSL by an estimated 
0.3 to 1.1 m at 123 ka, depending on the GIA model used (fig. S6). 
Retreat of the polar ice sheets during the interglacial using the Sey-
chelles coral elevations that have been corrected for the “ice-age” 
GIA signal would lead to an overestimation of the magnitude of 
peak GMSL by an amount dependent on the relative contributions 
of the Greenland, Antarctic (and potentially Laurentide) ice sheets 
during the interglacial (29). Using a matrix of combinations of pos-
sible contributions for additional meltwater during the interglacial, 
the net effect of the ice-age GIA contribution and the fingerprint of 
meltwater during the interglacial is a peak GMSL that is between 0.3 
and 1.4 m lower than the 7.4 m observed RSL peak in the Seychelles 

(fig. S6). These scenarios are shown as possible interpretations using 
a range of previously published GIA and ice sheet models to illus-
trate that the assumptions within these models about the magni-
tude, timing, and source of meltwater ultimately determine the 
conclusion about absolute elevation of GMSL at any point during 
the interglacial.

Ignoring the abrupt changes in RSL that interrupted reef growth 
at 126 and 124 ka, we calculate a background rate of GMSL rise using 
the two GIA predictions noted above using a least-squares fit that 
accounts for uncertainty in both age and elevation of the screened, 
inverse-variance–weighted means of each coral. The closed-system, 
shallow-facies, sea level record presented here shows RSL at 5.7 ± 0.2 m 
early during the LIG at 128.7 ± 0.5 ka with an overall rise of 0.32 ± 0.3 m/
kyr to 7.4 ± 0.2 m at 122.8 ± 0.5 ka. We calculate a GMSL rise rate 
of 0.29 ± 0.03 m/kyr using GIA corrected elevations following the 
model predictions of (8). Using an alternative GIA model scenario 
[the LAM ice model in (82)], rates of sea level rise are higher, averag-
ing about twice as fast (~0.62 m/kyr) (fig. S6A).

Comparison to other coral data
To create the panels in Figure 3 representing the coral age-elevation 
data from Western Australia, Bahamas, and Barbados, we used data 
that have been recalculated to the same set of decay constants for 
234U and 230Th (79) as reported in (27). We then screened the data at 
these three sites to exclude measurements with >2 parts per billion 
detrital Th (232Th) and initial δ234U values >5‰ away from modern 
seawater (145‰) (79) in keeping with the procedure used in (8), ex-
cept for the Bahamas data that use a 10‰ window. This relaxed toler-
ance was adapted for the Bahamian dataset because the 5‰ criterion 
screened out most of the data. The result in the timing between the 
two reefs is the same in these two scenarios (5 or 10‰) but is easier 
to see with the larger dataset using the relaxed screening criterion.

To illustrate examples of how accounting for GIA corrections 
would affect the inferred GMSL signal, we applied GIA corrections 
to the Seychelles and Western Australia datasets as described above. 
The Barbados record was not adjusted to a GMSL scale since the 
GIA-correction is larger at this site and more sensitive to GIA mod-
el parameters [e.g., (8, 83)]. The reconstructed absolute elevations of 
the Barbados samples are also sensitive to uplift rates and reported 
elevations, both of which have uncertainties of at least several meters.

Statistical methods
We used an inverse-variance weighted mean to calculate the mean age 
of each coral from multiple subsamples that were dated. To estimate a 
rate of GMSL rise implied from our data (not including the sea level 
changes at the discontinuities), we first applied the GIA corrections and 
then used a least-squares fit to account for uncertainty in both elevation 
and age (as represented by the inverse-variance–weighted mean).
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