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a b s t r a c t

Global mean sea level (GMSL) reconstructions from past interglacial periods help us understand the
sensitivity of ice sheets to a warming climate. In this study, we focus on Marine Isotope Stage 5a (MIS 5a),
a warm period that peaked 82,000 years ago and for which current GMSL estimates remain widely
uncertain (ranging from �28 m to þ1 m). Here we reconstruct relative sea level (RSL) based on an
extensive and exquisitely preserved fossil coral reef at Cave Hill, Barbados, which has not been examined
before. We dated one coral sample (Acropora palmata) from this outcrop using U-series dating and ob-
tained a closed system age of 82.5 ± 0.4 ka and an open system age of 83.3 ± 0.7 ka (2s), which confirm
that the reef formed during MIS 5a. We determine RSL based on the elevation of 222 fossil corals within
the outcrop from three species (Acropora palmata, Siderastrea radians, Favia fragum). The coral elevations
are combined using Bayesian inference to obtain a posterior common RSL, with present-day water
depths of each species as priors. We use our inference scheme and synthetic datasets to explore the
number and species of corals needed for a robust RSL estimate and find that if approximately 5 corals are
sampled, roughly half of which have a narrow living depth range (0 to ~10 m), the accuracy and precision
of the inferred RSL is around 1.5 m. This value improves to less than 0.5 m if more corals (approximately
20) are sampled, especially if these have narrow living depth ranges. These tests can guide future coral
sampling at other outcrops. After inferring RSL from the real coral elevations, we correct it for long-term
uplift, using the elevation of the adjacent MIS 5e sea level outcrop to calculate an uplift rate of
0.522 ± 0.036 m/kyr (1s), and for glacial isostatic adjustment. We find that GMSL most likely peaked
at �22.3 m relative to present GMSL (�32.5 m to �10.7 m, 95% credible interval). This work provides a
new estimate for MIS 5a GMSL that is lower than results from most previous studies, and confirms
sequentially decreasing GMSL during the MIS 5e, 5c, and 5a precessional insolation peaks, indicating
increased ice sheet growth and cooling into the ice age following the peak interglacial MIS 5e.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Over past glacial-interglacial cycles, the sizes of ice sheets have
fluctuated in response to climate forcing. Global mean sea level
(GMSL) covaries with global ice volume, and GMSL reconstructions
Sciences, University of Vic-

orsink).
have therefore been powerful tools to investigate the sensitivity of
ice sheets to past warming. Marine Isotope Stage 5 (MIS 5) spanned
130 to 71 ka, and benthic and planktonic oxygen isotope records
indicate that this stage included three precession-paced warm
periods (Lisiecki and Raymo, 2005; Shakun et al., 2015). MIS 5e
(~130 to 115 ka) occurred first, and estimates of peak GMSL range
from less than 5.3 m (Dyer et al., 2021) up to 9.4 m (Kopp et al.,
2009) relative to the present day. Subsequently, MIS 5c occurred
around 96 ka with a GMSL estimate of �9.4 ± 5.3 m (1s, Creveling
et al., 2017).
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MIS 5a marks the last intermittent warm period before the
much colder MIS 4 and occurred around 82 ka. An analysis of sea
level records along the US Atlantic coast and the Caribbean indi-
cated that GMSL was approximately �28 m below present (Potter
and Lambeck, 2004) and that small sea level oscillations may
have occurred during this interstadial (Potter et al., 2004). This
estimate is in line with a global analysis by Lambeck and Chappell
(2001). A slightly higher estimate of �23.5 m (or an alternative but
less preferred estimate of �6.5 m if a different mantle viscosity is
used) has been put forth by Muhs et al. (2012) based on a record
from San Nicolas Island, California. Simms et al. (2016, 2020) find
that a GMSL of �15.2 m or higher would be consistent with their
data from the same region. Themost recent study by Creveling et al.
(2017) included global observations and inferred that GMSL
was �10.5 ± 5.5 m (1s, only considering data with robust age
constraints). Lastly, Dorale et al. (2010) report a relatively high es-
timate of MIS 5a GMSL, which they argue was approximately 1 m
above present-day sea level.

These studies demonstrate the large range of GMSL (and hence
ice volume) estimates during MIS 5a, which represents an impor-
tant gap in our knowledge. High GMSL duringMIS 5awould imply a
period of rapidmelting at the end ofMIS 5b (and rapid ice regrowth
after MIS 5a) and possibly refute the dominance of the 100-kyr ice
age cycle (Dorale et al., 2010). Low GMSL during MIS 5a could in
turn indicate more stable and persistent ice sheets during late MIS
5 and a smoother (but still slightly oscillating) saw-tooth-like
transition into the last ice age. Better constraining the evolution
of GMSL during MIS 5a is therefore crucial for our understanding of
how ice sheets respond to orbital forcing.

One strategy for reconstructing past GMSL is to infer ice volume
change from the oxygen isotopic composition of marine microfos-
sils in layered deep-sea sediments. However, the isotopic signal is
influenced by other factors such as temperature and local hydro-
logic properties (Skinner and Shackleton, 2006; Shakun et al., 2015;
Raymo et al., 2018) and does not map uniquely to ice volume,
making this approach more suited to examining temporal patterns
than inferring accurate GMSL. Alternatively, one can reconstruct
GMSL by interpreting geologic indicators of past sea level such as
beach deposits, wave-cut notches, phreatic overgrowths on spe-
leothems, and coral reefs (Rovere et al., 2016). This approach is
taken in the MIS 5a studies detailed above. Geologic re-
constructions conventionally report the past local elevation of the
ocean surface relative to the present-day local sea level, called
relative sea level (RSL) (Shennan et al., 2015). To infer GMSL, RSL
must be corrected for any process that causes deformation, which
leads to a deviation between RSL and the global mean. One such
process is glacial isostatic adjustment (GIA), which includes the
viscoelastic deformational, rotational, and gravitational effects of
the solid Earth that are driven by changes in the ice and ocean load.
(We determined the two MIS 5a GMSL estimates from Muhs et al.
(2012) that we reported above by adding to their reported RSL
two GIA corrections they had based on two solid Earth models,
yielding two different MIS 5a GMSL results.) Additional processes
that act on longer time scales include tectonics, sediment loading,
and changes in dynamic topography. We will group deformation
that arises from these processes under the term long-term defor-
mation. GIA and long-term deformation can both introduce sig-
nificant uncertainties in GMSL estimates and may provide an
explanation for the large range of existing MIS 5a GMSL estimates.

Herewe use a fossil coral reef on the island of Barbados to obtain
a new estimate of MIS 5a GMSL. The reef is extensive and exqui-
sitely well-preserved, and has not been studied to date. Barbados
has been the site of many glacial-interglacial sea level studies due
to its well-preserved fossil coral reefs and its fast uplift, which
enables the preservation of reef terraces from multiple glacial and
2

interglacial periods (e.g., Broecker et al., 1968; Gallup et al., 1994;
Schellmann et al., 2004; Radtke and Schellmann, 2006; Thompson
and Goldstein, 2005). Barbados is part of the accretionary prism
located at the convergent boundary where the Atlantic Ocean crust
subducts underneath the Caribbean plate, which leads to contin-
uous uplift (Brown andWestbrook, 1987). There are currently 18 or
more uplifted fossilized coral reefs on Barbados, including reefs
dating to MIS 5a (e.g., Bender et al., 1979; Speed and Cheng, 2004;
Schellmann et al., 2004; Radtke and Schellmann, 2006).

The site of our reconstruction is on the west coast of the island
and the outcrop can be traced laterally to other outcrops that have
been assigned an MIS 5a age via radiometric dating (e.g., Speed and
Cheng, 2004). Herewe present results from dating one of the corals
of this outcrop using UeTh disequilibrium to confirm the MIS 5a
age. We further estimate MIS 5a RSL at this reef through Bayesian
inference using the elevations of 222 individual corals along with
the depth distributions of their species in the modern ocean. We
use our inference scheme on a synthetic dataset to quantify how
many corals (and what kind of species) are needed for a precise and
accurate estimate of RSL. This information will be useful for
determining sampling strategies at other outcrops at which corals
can be identified at the species level. We correct our inferred RSL for
long-term uplift and GIA to infer GMSL during MIS 5a.

2. Methods

2.1. Study site and coral elevations

Our field site is on the west coast of Barbados (close to the
Mount Hillaby-Clermont Nose anticline) near the Usain Bolt Sports
Complex of the Cave Hill School of Business, University of the West
Indies (Fig. 1B). A coral terrace that is higher in elevation contacts a
lower terrace at 13.13750�N, 59.63484�W. We interpret the lower
terrace outcrop to be of MIS 5a age because it can be traced laterally
to other outcrops that have been identified as MIS 5a via radio-
metric dating (Fig. 1C; Speed and Cheng, 2004). Additionally, the
fossilized reef outcrop contains a large specimen of the coral
Pocillopora palmata, which went extinct after MIS 5a (Fig. 2C; Toth
et al., 2015). This coral's presence indicates that the reef grew no
later than MIS 5a.

The fossilized reef at Cave Hill consists of a shoreline-
perpendicular cross-section of the reef, which has been exposed
by a road cut. The outcrop is slimmer towards the east, starting at
around 1 m height, which increases to around 3 m at its western
edge (Fig. 2A). At the outcrop's maximum height, the foot and head
of the section are 21.2 m and 23.7 m above modern mean sea level
(MSL), respectively. The top of the outcrop is slightly dipping inland
and its westernmost area contains many specimens of Acropora
palmata (Fig. 2). The majority of coral elevation data were collected
from this area of the outcrop.

The reef cross-section features multiple large branching corals
in growth position, many of them lacking the abrasion and sec-
ondary growths commonly seen in coral debris. Where the bases of
these corals were visible, we noted intact holdfasts, diagnostic of in
situ corals even in rotary cores (Stathakopoulos et al., 2020). The
space between the large branching corals in the reef is filled by
calcium carbonate sediment, other corals (either whole or broken
into pieces), and the tests of other marine organisms such as sea
urchins and bivalves. Fragments of Acropora cervicornis are abun-
dant in the reef, especially in the upper section. We conclude from
these observations that the reef was buried mostly intact, that the
corals within the reef formed at approximately the same time, and
that the large corals in growth position are in situ.

To analyze the outcrop and determine the elevation of a series of
corals we produced a virtual 3D model of this section using



Fig. 1. (A) Regional map showing the location of the island of Barbados. Plate boundaries from Bird (2003) and plate names are shown in solid green. The uplift zone of the Barbados
Ridge accretionary complex as mapped by Brown and Westbrook (1987) is hatched in green. (B) Topographic map of Barbados with the study area marked by grey rectangle
(satellite-derived digital elevation data are from TanDEM-X, German Aerospace Center). (C) Topographic map of the study area highlighting the MIS 5a, 5c, and 5e terraces. Black
circles mark the MIS 5a corals FS-3 and OC-26 and black triangles mark the MIS 5c corals FT-1 and FS-8 (Mesolella et al., 1969; Gallup et al., 1994). Hibbert et al. (2016) updated
radiometric ages (with 2s uncertainties), which are indicated for all these corals except OC-26, which appears only in Mesolella et al. (1969). This value has therefore been marked
with an asterisk in panel C. Our study site is marked in pink and includes a newly dated A. palmata coral B916eB with open system age and 2s uncertainty (Thompson et al., 2003). A
black star marks the location of the uplift constraint datum used in this study, an MIS 5e shoreline angle at Rendezvous Hill (Speed and Cheng, 2004). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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photogrammetry. We measured five high-resolution control points
with differential GPS to georeference the 3D outcrop model. We
then converted the vertical reference level from theWGS84 (World
Geodetic System 84 also known as WGS, 1984; EPSG:4326) ellip-
soid to a local estimate of elevation above MSL. We estimated local
MSL on the WGS84 datum by measuring the middle of a modern
tidal notch at Silver Sands Beach (�4.7 ± 0.5 m relative to WGS84,
1s). We consider this offset between local MSL and WGS84 to be
reasonable because in the nearby Bahamas MSLs are offset more
than�30 m fromWGS84 (Dyer et al., 2021). The uncertainty on our
MSL estimate is intended to conservatively account for any possible
discrepancy between the tidal notch midpoint and modern mean
tide level, as well as the difference between mean tide level and
mean sea level, which is estimated to be � 1 cm on Barbados
(Woodworth, 2017).
3

In the 3Dmodel of the outcrop we determined the elevation of a
series of corals that we considered to be in situ because they
appeared to be well preserved and in growth position (Fig. 2). We
picked 222 corals of three species (84 A. palmata, 124 Siderastrea
radians, and 14 Favia fragum). We measured their elevations at the
highest point that could be conservatively identified as part of the
coral so that our RSL reconstruction would require that each entire
coral grew underwater. Uncertainties in elevation relative to MSL
were determined by taking the square root of the sum of the
squared error on each elevation measurement (1s ¼ 0.18 m) and
the uncertainty in our modern MSL (1s ¼ 0.5 m). The resulting
combined uncertainty of ± 0.53 m (1s) is mostly due to the un-
certainty in the modern MSL estimate.



Fig. 2. (A) A two-dimensional orthorectified image of the lower terrace of the Usain Bolt Sports Complex road cut with identified specimens of A. palmata, S. radians, and F. fragum
marked in yellow, red, and purple, respectively. (B) A two-dimensional orthorectified image of the part of the terrace where most coral specimens were measured (see panel A for
location). (C) Insets showing fossilized specimens of A. palmata, S. radians, F. fragum, and P. palmata, whose locations are marked in (B). The A. palmata specimen shown is the
specimen B916eB, which was used for radiometric dating. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.2. UeTh methodology

We sampled a single A. palmata fossil coral towards the seaward
side of the outcrop for UeTh disequilibrium analysis (Fig. 2B). We
evaluated the degree of diagenesis of our sample based on its
mineralogy, the232Th content, and d234Ui. A detailed description of
our screening protocol and preparation procedure is reported in
Sandstrom (2021). After screening, we dissolved 200 mg of coral
4

(99% aragonite) in HNO3 and added a calibrated mixed
229The233Ue236U spike. U and Th were co-precipitated with iron
and separated through standard ion exchange procedures using
Bio-Rad AG 1 � 8200e400 mesh anion resin under ultra-clean
conditions. Isotope ratios were determined using a multi-
collector inductively coupled plasma mass spectrometer (Ther-
moScientific Neptune Plus) at Lamont-Doherty Earth Observatory,
Columbia University. The age of our one A. palmata fossil coral was
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calculated using a half-life of 75,584 yr for 230Th and 245,620 yr for
234U (Cheng et al., 2013).

2.3. Inferring RSL using Bayesian inference

RSL for each fossil coral in our outcrop is determined from the
observed elevation of the coral above modern mean sea level,
paired with the water depth distribution of the coral species in the
present-day ocean based on Hibbert et al. (2016). Hibbert et al.
(2016) used modern living depth data with vertical precision �
0.25 m from the Ocean Biodiversity Information System (OBIS)
database (OBIS, 2014) to define the depth distributions of 53 coral
species, including A. palmata, S. radians, and F. fragum, the species
for which we collected elevation data. The modern living depth
data reported by Hibbert et al. (2016) are almost completely
dominated by observations from the Caribbean and Gulf of Mexico:
in the current version of the OBIS database, only 3 S. radians
specimens are outside of this region (Supplement, Fig. S1; Table S1;
OBIS, 2022). Although species-specific coral depth distributions do
vary on sub-regional scales, the distribution of coral species across
the Caribbean is less variable than in other parts of the world such
as the Indo-Pacific (Hibbert et al., 2016; Veron et al., 2009). We
assume that regional depth distributions of A. palmata, S. radians,
and F. fragum are characteristic of those in Barbados. Also, multiple
authors consider that the species makeup of Caribbean coral reefs
has been generally constant over the last 1 million years (Hibbert
et al., 2016; Budd et al., 1994; Mesolella, 1967; Jackson, 1992;
Budd, 2000). This finding provides some support for our assump-
tion that the A. palmata, S. radians, and F. fragum depth distributions
were the same during MIS 5a as they are in the present.

In our model, we use modern living coral depth data to estimate
the probability of finding a specific coral species at a given water
depth. To characterize the depth distribution of each coral species,
following Ashe et al. (2022), we create a nonparametric probability
density function by applying a Gaussian kernel density estimation
to the modern living depth data reported by Hibbert et al. (2016)
(Fig. 3). In these data, there are many observations of A. palmata
(n¼ 4760), sowe expect that the A. palmata data aremore complete
than the data for S. radians (n¼ 275) and F. fragum (n¼ 230), which
have wider depth ranges and fewer modern data points. We note
thatmany environmental factors affect the zonation of coral species
in reefs (Hibbert et al., 2016). The nonparametric fitting approach
assumes themodern living depth data are complete enough to fully
characterize the effects of these environmental factors. This
approach yields a probability density distribution of water depth
for each coral species based onmodern observations. We cut off the
distributions at 0 to enforce that corals do not grow above water. In
our Bayesian inference, for each coral data point, the distribution
corresponding to the species of that coral constitutes the prior for
the distance between the coral and the sea surface. Assuming that
all corals within the reef formed at the same time, all corals are
responding to the same RSL, for which we assume a wide normally
distributed prior (64 ± 36 m, 1s). This RSL prior is centered on the
elevation range between the highest measured coral elevation in
the reef and 100 m above MSL, and conservatively covers a total
range of possible RSL far beyond what is plausible.

In our model we calculate RSL by adding each coral's water
depth to its measured elevation and enforcing that the RSL is
common to all the corals. We determine the posterior common RSL
using iterative sampling of priors and maximizing their likelihood
(Hastings, 1970; Metropolis et al., 1953). Specifically, we sample
priors using a Hamiltonian Monte Carlo method, the No U-Turn
Sampler (NUTS) from the Bayesian statistical modeling package
PyMC (Patil et al., 2010). In our sampling we ensure that every
possible value that we generate for the posterior RSL is associated
5

with its own set of possible posterior coral depths for the corals in
the outcrop whose elevations we measured. To check for conver-
gence, we informally inspect the sample traces to see that they are
well-mixed, and we ensure they meet the criteria proposed by
Geweke (1992) (within each chain of samples) and Gelman and
Rubin (1992) (comparing chains of samples).

2.4. Tests with synthetic data to explore efficacy of different
sampling strategies

We perform a series of tests using synthetic data to gain insight
into the number and quality of sea level data needed to reliably
infer RSL. We produce synthetic coral elevation data from 2 syn-
thetic coral species, one of which has a narrow shallow depth
distribution (0 to ~10m, comparable to A. palmata), and the other of
which has a wider, deeper distribution (~5 to ~35 m, Fig. 3). In
addition to the water depth, we randomly pick a ‘true’ sea level to
generate the synthetic coral elevations. After generating the syn-
thetic data, we use them in our inference scheme as described
above to produce an inferred sea level that we then compare to the
true sea level. Ashe et al. (2022) used a similar approach to test their
method of using nonparametric coral depth distributions to
reconstruct rates of RSL change.

We performed 7070 inferences in which we vary the number of
synthetic coral elevation data points used (from 1 to 70, increment
of 1) and the proportion of elevation data points belonging to the
shallow vs. deep coral species (from 0% to 100%, increment of 1%).
We use our inference to reconstruct a posterior sea level for every
combination of these two variables. We then evaluate the accuracy
of the reconstruction as the offset between the true sea level used
to generate the synthetic data and the most likely sea level yielded
by the inference. We further evaluate the precision of the recon-
struction as the width of the 68% credible interval of the posterior
probability distribution for sea level.

2.5. Determination of MIS 5a GMSL

Once we have estimated RSL from our coral data, we can
calculate GMSL by correcting for long-term uplift and deformation
associated with GIA that have both occurred at the study site since
the formation of the reef.

GMSL¼RSL�ðuplift rate $ reef ageÞ � GIA correction (1)

The uplift term that we calculate here is based on observations,
which means it implicitly accounts for several geological processes.
First, andmost importantly, uplift of the island of Barbados over the
last glacial-interglacial cycle is due to accretion of sediment at the
convergent boundary between Atlantic Ocean crust and the
Caribbean tectonic plate (Taylor and Mann, 1991; Torrini et al.,
1985). Second, over the same time period, sediment loading has
lessened the net uplift (Pico, 2020). Third, dynamic topography, i.e.,
differences in elevation on Earth's surface due to convection in the
mantle, might have affected the elevation of Barbados since the last
interglacial (Austermann et al., 2017).

Previous studies of Barbados' coral terraces have assumed that
uplift has been constant through time at least since the last inter-
glacial, or more specifically since the time of formation of Barbados’
First High Cliff (Bender et al., 1979; Broecker et al., 1968; Cutler
et al., 2003; Gallup et al., 1994, 2002; Matthews, 1973; Peltier and
Fairbanks, 2006; Peltier et al., 2015; Radtke and Schellmann,
2006; Speed and Cheng, 2004). We make this same assumption
and therefore calculate the uplift rate using an MIS 5e sea level
observation on Barbados. Calculating the uplift rate requires the
observed elevation and age of an MIS 5e sea level indicator paired



Fig. 3. Nonparametric probability density functions fitted to modern-day coral depth data from Hibbert et al. (2016). The number of modern coral observations in the compilation
for A. palmata, S. radians, and F. fragum is 4760, 275, and 230, respectively. Depth distributions of synthetic coral species used in synthetic tests (one species with a narrow depth
range, the other with a wide depth range) are shown on the right.
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with the assumed RSL of that indicator during MIS 5e, i.e., its
present-day location in the absence of uplift. (This assumed RSL is
calculated based on a GMSL estimate and GIA prediction for MIS
5e.)

For our calculation of uplift rate in the Clermont Nose area, we
use a shoreline angle documented by Speed and Cheng (2004)
(about 800 m away from our study site) as an MIS 5e sea level in-
dicator. This shoreline angle has an elevation of 70 ± 4 m (2s, since
the error is reported as ± 2 m unspecified) and an age of 120 ± 2 ka
(2s). Speed and Cheng (2004) argue that an estimate of a sustained
MIS 5e highstand based on this shoreline angle would be more
accurate than an estimate based on the highest dated coral, because
coral reefs might grow during marine transgression, resulting in
underestimation of the uplift rate when reef crest corals are used.

To determine MIS 5e RSL, we rely on results by Creveling et al.
(2015), who used a GIA model to predict MIS 5e RSL in Barbados
(without uplift) at the beginning and end of the last interglacial
based on two different MIS 5e GMSL scenarios (6 m and 8mGMSL).
Estimates of last interglacial Barbados RSL were 4.96 m at the
beginning and 7.63 m at the end in the first GMSL scenario, and
7.04 m at the beginning and 9.71 m at the end in the second GMSL
scenario. The uplift rate since MIS 5e is then calculated as:

uplift rate ¼ MIS 5e indicator elevation�MIS 5e predicted RSL
MIS 5e indicator age

(2)

We calculate a distribution of uplift rates by randomly sampling
the indicator elevation and age based on their Gaussian
6

distributions. For each sample we further use one of the 4 RSL
predictions from Creveling et al. (2015). Note that when we
randomly sample values this way, the age of the coral does not
necessarily agree with the age at which the GIA correction was
determined. However, the GIA correction is more uncertain than is
explored here (e.g., due to uncertainties in the viscosity structure
and past ice history; Dendy et al., 2017; Austermann et al., 2021)
and therefore, considering the estimates by Creveling et al. (2015)
as a spread for any given time ismore conservative and appropriate.

Finally, we correct RSL for GIA. While sea level changes associ-
ated with GIA are largest in formerly glacial areas, GIA can still
significantly alter RSL in tropical areas like Barbados (Austermann
et al., 2013). GIA models require as input Earth's viscoelastic
structure as well as the past ice history. Here we use results by
Creveling et al. (2017), who found that for the U.S. East Coast and
the Caribbean, existing sea level data fromMIS 5a and 5c are fit best
by an Earth structure with a lithospheric thickness of 95 km and an
upper and lower mantle viscosity of 5 � 1020 Pa s and 4 � 1021 Pa s,
respectively. They combine this Earth structure with 198 different
ice histories, which differ in both the size and geometry of ice from
120 to 70 ka. This results in 198 GIA corrections, where the GIA
correction is the deviation of RSL at our study site on Barbados
relative to the global mean. We calculate the resulting MIS 5a GMSL
for each correction, following equation (1). We next compare the
inferred GMSL with the GMSL that is assumed in the ice history of
the GIA correction. If the peak MIS 5a GMSL from the ice history
falls within the 95% credible interval of the inferred GMSL, we
consider the ice history to be consistent with our data. Note that
this assumes that our coral reef grew during peakMIS 5a, which we
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consider reasonable given the age, extent, and preservation of the
outcrop. The distribution of GMSL estimates that are consistent
with the GIA correction forms the result of our analysis.

3. Results

3.1. RSL reconstruction and synthetic tests

Based on the digitized outcrop, we identified and measured the
elevations of 222 scleractinian corals. 84 corals are A. palmata and
live at shallowwater depth, while the remainder (124 S. radians and
14 F. fragum) have a slightly broader depth distribution and can live
at deeper depths (Figs. 2 and 3). We note a close association of the
upper limit of A. palmata in the outcrop with that of in situ colonies
of the stony hydrocoral, Millepora complanata. This coral is a com-
mon indicator species of reef crest environments and can also serve
as an excellent indicator of sea level, although we did not use it in
our RSL reconstruction because the species is not documented in
the Hibbert et al. (2016) compilation of modern coral depths. Using
the elevation of the 222 corals combined with their water depths,
we calculate a posterior MIS 5a RSL at the Cave Hill outcrop on
Barbados. We find that RSL was most likely 23.7 m (22.7 e 24.8 m,
95% credible interval, Fig. 5A).

Our UeTh analysis of the A. palmata coral resulted in a d234Ui of
141 ± 1.4‰ (2s), which is within the average range of modern
corals/seawater (145 ± 5‰, 2s) and is thus considered reliable
(Chutcharavan et al., 2018). For this sample
234U/238U ¼ 1.1133 ± 0.0011 and 230Th/238U ¼ 0.5978 ± 0.0020,
while 232Th was negligible. These data yield a closed system age of
the coral of 82.5 ± 0.4 ka and an open system age of 83.3 ± 0.7 ka
(both uncertainties are 2s), both of which indicate an MIS 5a origin
of this outcrop (Thompson et al., 2003). Our age overlaps within
uncertainty with MIS 5a coral FS-3 by Gallup et al. (1994), which
has been reassessed by Hibbert et al. (2016) to give an age of
83.8 ± 0.3 ka (2s), and coral OC-26 byMesolella et al. (1969) (Fig. 1).
(Mesolella et al. (1969) originally reported an age of 82.2 ± 2 ka for
OC-26 and this age has not been reassessed.)

Our synthetic test results show how the accuracy and precision
of the inferred sea level improves with an increasing number of
corals and a greater proportion of corals with a narrowwater depth
distribution (Fig. 4). In reporting these results we refer to “narrow”

corals from this narrowwater depth distribution (coral living depth
range 0 to ~10m). The offset from true sea level (i.e., the accuracy) is
relatively small (below 0.25 m) for most synthetic tests with a
sample size of 30 or more corals and a “narrow” coral proportion of
35% or more (Fig. 4A). Note that we expect the real relationship
between the number of corals sampled and accuracy to be smooth
and change gradually, whereas the relationship shown in Fig. 4A is
less smooth because it is limited by the number of trials and the
chosen test-grid resolution. If there is a low proportion of “narrow”

corals (less than 30%), the accuracy drops to less than 0.5 m, 0.75 m,
or 1.5 m if 20e30, 5e20, or 0e5 corals are measured, respectively.
If, however, “narrow” corals such as A. palmata are present and
make up a significant proportion of the dataset (more than 50%),
the accuracy is very good even if few (more than 5) corals are
examined. This result is consistent with that of Ashe et al. (2022),
who tested their method of using nonparametric coral depth dis-
tributions to reconstruct rates of RSL change and found that more
synthetic A. palmata data produced more accurate results.

The precision, which we define here as the width of the 68%
credible interval, is good (i.e., below 0.25 m) for most synthetic
tests with a sample size of 30 or more corals and a “narrow” coral
proportion larger than 45% (Fig. 4B). The trade-off between
improving precision through increased number of samples or
increased proportion of “narrow” corals is clearly visible. If only few
7

or no “narrow” corals are available in an outcrop, the precision is
below 0.75 m or 1.5 m if 10e40 or 0e10 corals are sampled,
respectively. Analogously to the accuracy, if the proportion of
“narrow” corals is high (more than 70%), a good precision of around
0.75 m or 0.5 m can be reached even if relatively few (5 or 10,
respectively) corals are measured.

3.2. Global mean sea level during MIS 5a

Next we determine GMSL during MIS 5a by correcting RSL for
long-term uplift and GIA. First, our uplift rates are close to normally
distributed with a mean of 0.522 m/kyr and a standard deviation of
0.036 m/kyr (1s). To calculate the amount of uplift, we multiply the
rate by the age of the outcrop (see equation (1)), which we take as
the open system age of the sampled A. palmata (83.3 ± 0.7 ka, 2s).
This results in a mean uplift of ~43.6 m since MIS 5a. Correcting RSL
for this uplift and propagating uncertainties in the uplift rate and
reef age leads to a most likely uplift-corrected RSL of �19.9 m
(�25.7 to �13.8 m, 95% credible interval, Fig. 5A). Potter et al.
(2004) estimated MIS 5a Barbados RSL as �19 ± 4 m for the high-
stand at ~84 ka, which is consistent with our uplift-corrected RSL
estimate.

In our second step, we correct our sea level estimate for GIA. The
GIA correction ranges from �10 m to þ13 m with the most likely
estimate around 4 m (Fig. 6). We found that 84 out of the 198 ice
histories produced consistent GMSL results, i.e., an inferred GMSL
that is consistent with the GMSL assumed in the GIA model. The
consistent GIA corrections have a similar range and distribution to
all GIA corrections (compare the dark to light green in Fig. 6).
Correcting the uplift-corrected RSL for GIA yields a GMSL estimate
of �22.5 m (�32.1 to �10.5 m, 95% credible interval) if all GIA
corrections are considered and a similar value of �22.3 m (�32.5
to �10.7 m, 95% credible interval) if only the 84 consistent GIA
corrections are used (Fig. 5B).

4. Discussion

Several estimates of MIS 5a GMSL that include both consider-
ations of long-term deformation and GIA have been proposed, but
vary significantly. Our best estimate of �22.3 m (�32.5 to �10.7 m,
95% credible interval, �27.9 to �16.4 m, 68% credible interval)
agrees closely with the estimate of �23.5 m by Muhs et al. (2012),
which they obtained by correcting RSL on San Nicolas Island, Cal-
ifornia, for long-term uplift and GIA using their preferred viscosity
structure of upper and lower mantle viscosity of 5 � 1021 Pa s and
8 � 1021 Pa s, respectively. Our estimate is higher than that of
~ �28 m by Potter and Lambeck (2004), but their estimate overlaps
with our 68% credible interval. In contrast, our estimates are
significantly lower than the estimate of �10.5 ± 5.5 m (1s, only
using data with robust age control) by Creveling et al. (2017) (the
95% credible intervals of our estimates do not overlap). We note
that sea level estimates from the Cave Hill region (however not our
outcrop) were included in both the study by Potter and Lambeck
(2004) and Creveling et al. (2017).

One possibility to reconcile our estimate with a higher MIS 5a
GMSL sea level is that our outcrop is not recording peak sea level
during MIS 5a. Suborbital variability within the highstand has been
proposed including highstands at varying elevations (Potter and
Lambeck, 2004; Potter et al., 2004). However, our open system
coral age of 83.3 ± 0.7 ka (2s) does coincide very well with the 65�

insolation maximum at ~83.5 ka (Berger and Loutre, 1991). Addi-
tionally, the large extent of the reef, the size and density of
A. palmata, and the gently sloping back reef flat inland of our
outcrop support its formation at a highstand rather than during the
transgression or regression. Another possibility to reconcile our



Fig. 4. (A) The offset between the sea level used to generate the synthetic data and the most likely sea level yielded by the inference - a measure of the method's accuracy - for
different synthetic sample sizes (‘total number of corals in the sample’) and different proportions of elevation data points in the sample belonging to each species of coral
(‘proportion of “narrow” corals in the sample’, where “narrow” corals have living depth range between 0 and ~10 m). (B) Same as (A), except that it shows the width of the 68%
credible interval of the posterior probability distribution for sea level - a measure of the method's precision. In both graphs, the total number of corals in a sample is divided into
increments of 5, the proportion of corals in a sample is divided into 5% increments, and the results in each group are averaged.
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estimates with a higher GMSL is an overestimation of the uplift
rate. Our uplift rate estimate is similar to the one obtained by Speed
and Cheng (2004) (0.53 ± 0.02 m/kyr) but somewhat higher than
others that have been calculated for the Clermont Nose area based
on the highest dated A. palmata coral at Rendezvous Hill (~0.44 m/
kyr; Matthews, 1973; Bender et al., 1979; Cutler et al., 2003). If we
assume a lower uplift rate of approximately 0.44 m/kyr for the
Clermont Nose area (rather than our estimate of 0.522 m/kyr), as
determined using highest dated coral and terrace elevations by
other authors (Matthews, 1973; Bender et al., 1979; Cutler et al.,
2003; Peltier et al., 2015; Taylor and Mann, 1991), our GMSL esti-
mate is increased by 6.8 m.

One general challengewithmanyMIS 5a studies, including ours,
is that observations are focused around tectonically active margins,
8

which requires a correction for tectonic offset (e.g. uplift). The
common approach for studies in Barbados has been to infer uplift
rates based on MIS 5e data. However, as detailed here, this
approach introduces significant uncertainties, especially as GIA and
GMSL during MIS 5e continue to be debated (Dyer et al., 2021;
Austermann et al., 2021). Additionally, it requires the assumption
that uplift has been constant in time, which might not hold (Radtke
and Schellmann, 2006). A newglobal database of MIS 5a andMIS 5c
sea level indicators has recently been published (Thompson and
Creveling, 2021), and might allow investigating this assumption
by testing inferences of GMSL using a variety of data subgroups to
establish which observations (and hence which uplift corrections)
might not be appropriate.

Deep sea oxygen isotope records provide complementary



Fig. 5. (A) Probability density function of RSL as reconstructed from the Cave Hill coral reef (dark blue) and RSL after a correction for long-term uplift has been applied (light blue).
(B) Probability density function of GMSL when the ensemble of all tested GIA corrections is used (black) and when the subset of all consistent GIA corrections is used (green). In each
probability density function, the most likely result is indicated by a solid line, the 68% credible interval is indicated by dashed lines, and the 95% credible interval is indicated by
dotted lines. Previous estimates of MIS 5a GMSL are shown to the right of panel B. Uncertainties by Creveling et al. (2017) are 1s; Potter and Lambeck (2004) and Dorale et al. (2010)
do not provide uncertainty estimates; the range shown for Muhs et al. (2012) spans their two estimates that vary by the GIA correction that is chosen. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Histogram of GIA corrections. Light green bars indicate all GIA corrections, while darker green bars are the subset of GIA corrections that produced a GMSL result consistent
with the ice history that was modeled. In this study the GIA correction is the deviation of RSL at our study site on Barbados relative to the global mean. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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estimates of past sea level variability (Lisiecki and Raymo, 2005).
Waelbroeck et al. (2002) calibrated benthic foraminifera oxygen
isotopic ratios from the North Atlantic and Equatorial Pacific Ocean
with sea level records over the past glacial cycles and obtained an
9

estimate of MIS 5a GMSL of around�30 m. An alternative approach
is to use paired sea surface temperature-planktonic d18O records to
correct for the contaminating effect of temperature on d18O. Using
49 such records, Shakun et al. (2015) have found that MIS 5a GMSL
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was around �25 m. While inferring GMSL from oxygen isotopes is
challenging (Raymo et al., 2018), it is interesting to note that these
estimates agree well with our results.

5. Summary and conclusions

In this study we revisit the Cave Hill region of Barbados, which
has been the focus of many studies that analyze sea level changes
over past glacial cycles (e.g., Bender et al., 1979; Gallup et al., 1994,
2002; Thompson et al., 2003; Thompson and Goldstein, 2005;
Schellmann et al., 2004; Speed and Cheng, 2004; Radtke and
Schellmann, 2006). We describe and analyze a new outcrop of
well-preserved fossilized coral reef of MIS 5a age. From this reef we
sample and date one A. palmata coral, which returned an initial
d234Ui of 141 ± 1.4‰ (2s), a closed system age of 82.5 ± 0.4 ka (2s)
and an open system age of 83.3 ± 0.7 ka (2s), i.e., a clear MIS 5a age
(Thompson et al., 2003). Photogrammetry was used to produce a
georeferenced 3D model of the outcrop, allowing us to pick 222
fossil coral elevations. We use these elevations to infer RSL using a
Bayesian framework and find that it was 23.7 m (22.7e 24.8 m, 95%
credible interval).

We produce synthetic coral data to test our Bayesian inference
scheme as well as explore how the number and type of corals in the
dataset affect the accuracy and precision of the inferred sea level.
This work showed that if possible, sampling the elevation of 5
corals, approximately half of which have a shallow living depth
range, allows determining RSL with a precision and accuracy of
around 1.5 m. Improvements can be made if more corals or a higher
proportion of corals with a narrow living depth range (0 e ~10 m)
are collected, and this paper quantifies the trade-offs in these
parameters.

We correct the RSL estimate for long-term uplift and GIA to infer
GMSL during MIS 5a and find that GMSL was �22.3 m (�32.5
to �10.7 m, 95% credible interval). This result is in line with some
past estimates (Muhs et al., 2012; Shakun et al., 2015), but also
higher (Lambeck and Chappell, 2001; Potter and Lambeck, 2004;
Waelbroeck et al., 2002) and lower (Creveling et al., 2017) than
others. Notably, Creveling et al. (2017) found that GMSL was similar
during MIS 5c (�9.4 ± 5.3 m, 1s) and MIS 5a (�8.5 ± 4.6 m, 1s), and
Dorale et al. (2010) have used speleothem encrustations from
coastal caves on the island of Mallorca to argue that MIS 5a GMSL
was around present-day values. Their findings have challenged the
ice age sawtooth paradigm of a slow deglaciation from 115 ka to the
last glacial maximum followed by a fast deglaciation. By contrast,
our findings fit into this sawtooth paradigm. Our GMSL result is
consistent with sequentially decreasing GMSL during the MIS 5e,
5c, and 5a precessional insolation peaks. It indicates that sea level
during MIS 5a was significantly lower than present-day sea level
and that ice volumes had already regrown by about 17% of their
eventual last glacial maximum extent even at this intermittent
warm period.
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