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A B S T R A C T   

The islands of Bermuda preserve carbonates from several glacial and interglacial intervals with demonstrated 
potential for reconstructing past North Atlantic climate. Here, we describe new clumped and conventional stable 
isotope data from Dendostrea (oyster) shells collected from a Last Interglacial / Marine Isotope Stage 5e (MIS 5e) 
deposit. Interpretation of these and past data is supported by new amino acid racemization age dating results 
from nine localities around Bermuda. 

We find that the fossil oyster population on Verrill Island (within the present Great Sound of Bermuda) records 
MIS 5e temperatures and water δ18O values that are similar to modern. These data contrast with the much cooler 
temperatures and lighter reconstructed water δ18O values reconstructed for sites on the southern shore. This 
contrast may in part be due to timing, with the Verrill Island deposit plausibly representing an earlier and 
warmer portion of MIS 5e. The data also reflect meaningful, highly local differences in environment, with 
modern Great Sound shells perhaps living in partially restricted waters buffered from cooler and groundwater- 
influenced conditions along the South Shore. The mobility of Cittarium pica marine snails used in previous work 
likely also introduces exaggerated variability in those cases. Critically, incorporation of clumped isotope data 
across multiple sites and genera enables an understanding of Bermudian MIS 5e climate that would be mean-
ingfully different if given data from only one site. We seek to illustrate both the complexities and potential of 
working with clumped isotope paleoclimate data from coastal deposits.   

1. Introduction 

1.1. Last Interglacial climate 

The Last Interglacial Period, specifically Marine Isotope Stage 5e 
(MIS 5e; ~129–116 ka), was broadly a time of similar or slightly warmer 
climate conditions relative to today. As temperatures warmed, glacial 
ice melted and eventually raised global sea level to ~6 m higher (Dutton 
et al., 2015), and global average temperatures were approximately 
1–2 ◦C warmer than preindustrial conditions (CLIMAP Project Members 
et al., 1984; Turney and Jones, 2010; Otto-Bliesner et al., 2013). As the 
most recent interval of warmer-than-present climate, the geologic re-
cord of the Last Interglacial is more intact than other interglacials 
(Dutton and Lambeck, 2012), making it possible to study it at higher 
spatial and temporal resolution. Indeed, two separate sea level rise in-
tervals have been proposed to be resolvable within the interglacial 
(Kopp et al., 2009). While this past warm period is not directly 

comparable to modern climate conditions due to differences including 
orbital parameters, it can perhaps serve as a partial analog to near-future 
climate change (e.g., Hoffman et al., 2017). 

In the North Atlantic Ocean, time-slice proxy data from sediment 
cores indicate sea surface conditions were not uniformly warmer during 
MIS 5e, with cooler-than-modern conditions in the Central Atlantic and 
Caribbean, but warmer-than-modern conditions in the northern North 
Atlantic and Nordic Seas (CLIMAP Project Members et al., 1984; Turney 
and Jones, 2010; Otto-Bliesner et al., 2013; Capron et al., 2014). Situ-
ated between these areas, climate records from the islands of Bermuda 
can provide a unique perspective on Last Interglacial climate and can 
help define the ‘boundary’ between regions experiencing different 
impacts. 

1.2. Geology and age dating in Bermuda 

The modern islands of Bermuda are primarily made up of Pleistocene 
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carbonate rocks and paleosols covering an extinct volcanic pinnacle 
(Land et al., 1967). These carbonates include shoreface, foreshore, and 
aeolian facies from multiple sea level highstands (representing in-
terglacials). There is broad agreement that MIS 5a and 5e are present in 
Bermuda as the Southampton Formation and Rocky Bay Formation, that 
MIS 9 is present as the Town Hill Formation, and that other rarely 
exposed deposits likely date to MIS 11 or older (Vacher et al., 1989; 
Muhs et al., 2002; Hearty, 2002; Rowe et al., 2014; Hearty and Tormey, 
2017). Disagreement persists about the age of the intervening Belmont 
Formation. Hearty (2002) argues this unit combines with the Rocky Bay 
Formation to represent MIS 5e, while Rowe et al. (2014) argue it is 
temporally distinct and represents MIS 7, in agreement with initial 
mapping by Vacher et al. (1989). Here we follow the stratigraphic 
framework of Rowe et al. (2014), though acknowledge that our data do 
not directly refute the younger Belmont age of Hearty (2002). 

Available geochemical dating of the above formations underpin 
stratigraphic interpretations and include both U-series dates from corals 
(Harmon et al., 1983; Muhs et al., 2002; Rowe et al., 2014) and amino 
acid racemization (AAR) data from land snails, whole-rock samples, and 
bivalve shells (Harmon et al., 1983; Hearty et al., 1992; Hearty, 2002; 
Fig. 1). Similarity between deposits of different ages, along with erosion, 
isolated deposition, and minor displacement along faults has made it 
challenging to extend interpretations from dated outcrops to other (even 
nearby) undated localities (Rowe et al., 2014). This complexity moti-
vated our efforts to obtain new geochemical ages for our study sites 
(described below) and several other undated localities. While U–Th 
dates from coral fossils can provide absolute ages, here we apply AAR 
dating because of its ability to provide at least relative ages for deposits 
lacking suitable coral material. 

AAR dating relies on the decay of amino acids in an organism (here, 
mollusks) to record the time since death. A predictable transition of 
levorotatory to dextrorotatory amino acids (more generally, the A/I 
ratio) is the primary measurement (Miller and Clarke, 2007). While AAR 
dating can be applied as an absolute dating technique in some cases 

(Bada and Protsch, 1973), uncertainty around the duration and 
magnitude of warmth experienced by samples is a limiting factor (e.g., 
Hearty, 2002; Miller and Clarke, 2007). By linking AAR dates and ab-
solute U-series dates at a subset of localities within a study region, a 
regional calibration between AAR ratios and absolute ages can be 
created and applied to other nearby sites where absolute ages are not 
present. 

In Bermuda, Hearty et al. (1992) identified several distinct amino-
zones defined by specific ranges of A/I data and linked to stratigraphy. 
Of relevance here are their Aminozone C, with values ranging from 0.36 
to 0.47; Aminozone E, with values ranging from 0.51 to 0.62; and 
Aminozone F, with values ranging from 0.66 to 0.72. In Bermuda 
Aminozones C, E, and F correlate with MIS 5a (Southampton Forma-
tion), MIS 5e (Rocky Bay Formation), and MIS 7 (Belmont Formation), 
respectively. (Though we note again that the age of the Belmont For-
mation is interpreted as an older phase of MIS 5 by Hearty (2002)). 
These A/I ratio ranges can then be used to assign individual outcrops to 
associated marine isotope stages. We presume that the whole island 
(~25 km long) has the same temperature history with respect to its ef-
fect on the rate of amino acid racemization. 

1.3. Last Interglacial climate in Bermuda 

Isotopic paleothermometry methods were recently applied to mol-
lusks from the well-dated sites of Grape Bay and Rocky Bay (Hearty 
et al., 1992; Muhs et al., 2002) in order to reconstruct MIS 5e ocean 
temperatures around Bermuda (Winkelstern et al., 2017; Zhang et al., 
2021). Mollusks are routinely used in geochemical and paleoclimate 
applications, as they can record and preserve temperature and water 
chemistry (e.g., δ18Owater) during calcification of the shell (e.g., Wana-
maker et al., 2011; Schöne and Surge, 2012; Huyghe et al., 2022). 

Using marine gastropod shells of the species Cittarium pica, Winkel-
stern et al. (2017) reported MIS 5e Bermuda SSTs significantly cooler 
than modern. This was particularly true of the Grape Bay fossil locality 

Fig. 1. Map of outcrops dated in this study with Amino Acid Racemization (AAR). Previous efforts at the purple and blue localities include the amino acid race-
mization work of Harmon et al. (1983), Hearty et al. (1992), and Hearty (2002), and the U/Th radiometric dating of Harmon et al. (1983), Muhs et al. (2002), and 
Rowe et al. (2014). The red outcrops were not previously dated. Previous MIS 5e localities with AAR dating where we did not sample for this study are also indicated. 
Details of specific horizons sampled in this study can be found in the Supplemental Information. Sample locations of shells used for stable isotope analysis in this 
study or previously are indicated with black triangle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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(Fig. 1), where MIS 5e shells recorded very cold (~10 ◦C cooler) and 
relatively fresh (δ18Owater = ~ − 1 ‰ VSMOW) waters. This led the 
authors to hypothesize that meltwater from Greenland reaching 
Bermuda was a plausible explanation for these cool temperatures and 
depleted seawater isotopic conditions. However, after Zhang et al. 
(2021) reanalyzed these data using updated clumped isotope method-
ologies and combined them with new MIS 5e and modern analyses, the 
magnitude of the apparent cooling and seawater depletion was reduced, 
negating the need to call on long-distance travel of Greenland melt-
water. Zhang et al. (2021) instead found evidence in modern waters and 
fossil shells pointing towards local submarine groundwater discharge as 
a source of isotopically-depleted water, based in part on a high degree of 
δ18Owater variability observed in modern waters collected along the 
south shore. 

The totality of MIS 5e paleoclimate studied on Bermuda has been 
focused on fossil mollusks from the south shore sites of Grape Bay and 
Rocky Bay (Winkelstern et al., 2017; Zhang et al., 2021), mainly because 
they are some of the most reliably dated sites (Muhs et al., 2002). Yet, 
Zhang et al. (2021) showed that Grape Bay in particular may be unique 
in its susceptibility to submarine groundwater discharge. Further study 
is warranted on other local MIS 5e sites to determine whether the cold 
MIS 5e conditions are consistent across the island. The potential for 
species-specific paleoenvironmental biases (e.g., preferred water depth; 
Kirby et al., 1998; Schöne and Surge, 2012) also motivates our efforts to 
diversify MIS 5e proxy data across genera and localities. 

Because of the challenges in assessing the age of a given exposure in 
Bermuda (e.g., discontinuous deposition), we sought to better constrain 
a set of outcrop ages with new data. Here, we apply AAR dating to four 
new and five previously studied sites in Bermuda. We identify potential 
localities that could record a different MIS 5e paleoenvironment than 
the groundwater-influenced south shore sites Grape Bay and Rocky Bay. 
We then apply high resolution stable isotopes (δ18O) and clumped 
isotope measurements (Δ47) to mollusk shells from Verrill Island in the 
Great Sound and compare these with published results from Grape Bay 

and Rocky Bay along the south shore (Fig. 1). Unlike previous studies 
focusing on the gastropod Cittarium pica (Winkelstern et al., 2017; Zhang 
et al., 2021), we use the oyster species Dendostrea frons as proxy mate-
rial. The presence of Dendostrea alone suggests a different paleoenvir-
onment than the rocky south shore, where unlike the Great Sound, it has 
not been reported in fossil deposits or today (iNaturalist, 2023). We use 
these data to evaluate whether Last Interglacial climate in Bermuda was 
colder, as suggested by Zhang et al. (2021) and Winkelstern et al. 
(2017), or whether temperature anomalies relative to modern were 
variable across the island. This also represents the first use of Dendostrea 
as a paleoclimate archive. 

2. Methods 

2.1. Sample collection 

We collected marine mollusk fossils from 9 outcrops around the 
islands (Figs. 1–3). From west to east, they are: Fort Scaur, Lodge Point 
Park, Long Island, Verrill Island, Bird Island, Elbow Beach, Whale Bone 
Bay, Stoke’s Point, and Fort St. Catherine. At each of these nine expo-
sures we focused on shell-rich horizons interpreted as shoreface de-
posits. As first described by Land et al. (1967), these horizons commonly 
lie above shallowly seawardly dipping subtidal facies with few fossils, 
and underlie paleosols and aeolian units deposited during subsequent 
glacially-driven sea level falls. A single <0.5 m horizon was sampled at 
each locality with the exception of Bird Island, where four separate shell- 
rich horizons approximately 0.5 m apart were each sampled. Strati-
graphic columns, exact locations, and descriptions of each locality are 
available in the Supplementary Information. 

Bivalve genera Glycymeris, Arca, and/or Lucina were collected at all 
sites for AAR and possible future stable isotope analysis. Dendostrea was 
sampled at Verrill Island solely for stable (including clumped) isotope 
work (Fig. 3). While Dendostrea should in principal work as an AAR 
proxy material as well, we did not analyze the oyster shells for AAR 

Fig. 2. Generalized schematic of Bermuda stratigraphy, based on that of Vacher et al. (1989). Thicknesses are not to scale, and these formations in reality are 
discontinuous across the islands. Our study sites are placed approximately along the ~25 km length of Bermuda along a SW to NE axis, using interpretations of data 
in Fig. 5 and as discussed in the text. These sites are indicated with identical symbology as in Fig. 1: Red = AAR dates only, purple = AAR and radiometric dates; blue 
= radiometric dates only. Triangles indicate study locations for stable isotope work. Abbreviations, from SW to NE: FS = Fort Scaur, LPP = Lodge Point Park, LI =
Long Island, VI = Verrill Island, BI = Bird Island, EB = Elbow Beach, GB = Grape Bay, RB = Rocky Bay, WB = Whalebone Bay, SP = Stoke’s Point, and FSC = Fort St. 
Catherine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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because 1) any genus-specific effects have not been evaluated, and more 
importantly 2) Dendostrea data from U-series dated sites do not exist like 
they do for Glycymeris, Arca and Lucina, making direct AAR comparisons 
impossible. About ten complete oyster shell valves were collected with 
eight selected for isotopic analysis. The shells were not articulated. Shell 
size was fairly uniform, roughly 5 cm in width and 7–15 cm in length 
(Figs. 3A, 4, and Supplemental Information). 

2.2. AAR methodology 

For AAR dating, powdered samples from 47 fossil shells were 
analyzed at the University of Colorado Boulder Amino Acid Geochro-
nology Laboratory. Standard methods of ion-exchange liquid chroma-
tography and reverse-phase liquid chromatography were applied 
according to Wehmiller and Miller (2000). The data are reported as A/I 
ratios for the D-alloisoleucine/L-isoleucine amino acids. We measured 
A/I ratios for three genera of shells: Glycymeris, Lucina, and Arca (all 
data available in the Supplementary Information). To enable direct 
comparison with Hearty et al. (1992) results, we applied identical 
species-specific adjustments to our non-Glycymeris data. These result in a 
“Glycymeris equivalent” A/I ratio, with Arca values multiplied by 1.31 
and Lucina values multiplied by 0.72. Hearty et al. (1992) also analyzed 
Brachiodontes and Chama shells, with their A/I ratios multiplied by 0.82 
and 0.77, respectively, though we did not measure any example of these 
two genera. Henceforth referenced A/I values will use these adjusted 
values (Table 1). As discussed below, sites dated both here and in Hearty 
et al. (1992) show that the different AAR datasets are approximately 
equivalent when these species-specific adjustments are made. 

As is common in AAR-based studies (e.g., Wehmiller, 2013), we base 
our interpretations primarily on the mean adjusted A/I value of all 
samples from each locality. Of the nine sites in our study, five of them 
have been previously dated by U–Th dating: Whalebone Bay (Harmon 
et al., 1983), Stoke’s Point (Harmon et al., 1983), Fort St. Catherine 
(Muhs et al., 2002; Harmon et al., 1983), Lodge Point Park (Harmon 
et al., 1983), as well as perhaps Bird Island (Harmon et al., 1983, but 
likely a different outcrop – see below). Whalebone Bay was also previ-
ously dating using AAR (Hearty et al., 1992). We use the existing 

Fig. 3. A. Dendostrea bed in the shade at Verrill Island. B. More Dendostrea in-situ, approximately 5 m east of photo A. C. Typical bivalve preservation near base of 
MIS 5e layer with imbricated and rip-up clasts, here at Long Island. D. One of several shell–rich beds at Bird Island. 

Fig. 4. Sub-sampling strategy for stable isotope work on shell sample VI201. 
Conventional (δ18O and δ13C) sample sites are the smaller pits, requiring <1 mg 
of sample powder. The three larger pits (circled) are for clumped isotope work, 
requiring ~15 mg of powder. On this shell we also verified general consistency 
between hinge and valve cross section δ18O data; pits for these samples are at 
the bottom right. These data and all sample photos are available in the Sup-
plemental Information. 
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absolute dates, established A/I ratio ranges for aminozones C to F 
(Hearty et al., 1992), and stratigraphic context to assign our previously 
undated localities to marine isotope stages (Fig. 5). We are not 
attempting to assign absolute ages based on the AAR data. 

2.3. Paleoclimate shell sampling and preservation 

We analyzed eight Dendostrea shells from Verrill Island for their 
isotopic composition to reconstruct paleotemperatures. These were 
bisected to reveal dark and light growth layers. Rather than target the 
hinge of each shell (as in Huyghe et al. (2019), for example) we sub-
sampled the main inner (prismatic) layer of the valve cross sections. This 
was done because 1) the larger area enabled us to better avoid bored and 
potentially altered areas on some shells, and 2) it also enabled higher 
resolution of clumped isotope samples, which require much more 

material than conventional analyses. An exception to this is the smaller 
shell VI 203, where a single clumped isotope sample was taken across 
the entire hinge area, which we presume averages conditions during all 
shell growth. Both shell hinge and valve are expected to record 
approximately the same environmental conditions in mollusks (Huyghe 
et al., 2019), and we found general agreement between hinge and valve 
δ18Ocarb values in test data from shell VI 201 (Supplemental Information 
Fig. S2). Exact sub-sampling locations for isotopic work are shown in 
Fig. 4 and in the Supplemental Information. 

We milled ~0.1 mg carbonate samples (n = 4 to 16) along the growth 
axes of each cross section for conventional stable isotope analysis using a 
low-speed Dremel tool, with each subsample roughly 2 mm apart. One to 
four larger (~5 mg) samples were also drilled from each shell for 
clumped isotope analysis: five oysters with 1 sample, two oysters with 2 
samples per shell, and three oysters sampled 3 times each (Table 2). 

Clumped sample selection locations were determined based on the 
conventional δ18Ocarb results (below), targeting local minima and 
maxima (presumed summers and winters) where applicable. From the 
three oysters with multiple samples, growth layers with peak δ18Ocarb 
values indicating seasonality of the warmest and coolest periods were 
chosen (see Supplemental Information for shell photos). 

The oysters displayed original fine layering and coloration of the 
shell, suggesting a lack of overall diagenetic alteration. Sample powders 
were collected away from any encrusted or bored portions of the shell. 
Several of the Dendostrea were extensively bored in some portions, and 
so care was taken to sample away from these areas. Critically, no 
meaningful difference was observed in δ18Ocarb or clumped isotope 
values between bored shells and shells with less boring. The results 
themselves also suggest a lack of alteration, which we discuss in Section 
3.2. Shells were collected from at or very near the surface, in original 
position of deposition. There is no possibility of sufficient burial to cause 
thermal resetting at this site. 

2.4. Conventional stable isotope methods 

Each conventional stable isotope sample was analyzed for δ13C and 
δ18O by a Kiel IV automated carbonate device attached to a Thermo- 
Finnegan MAT 253 dual inlet mass spectrometer at the Stable Isotope 
Laboratory at the University of Michigan. The data were standardized by 
comparison with NBS-18 and NBS-19, units in per mille (‰) relative to 
VPDB standard, with an uncertainty of ±0.1‰ for both δ13C and δ18O. 

2.5. Clumped isotope methods 

The clumped isotope composition was measured in the SCIPP Lab at 
the University of Michigan using a Nu Perspective isotope dual-inlet 
ratio mass spectrometer connected to a NuCarb automated sample 
preparation device (described in Jones et al., 2022). Sample powders 
were measured a minimum of three times with results averaged. 
Methods used were identical to those described in O’Hora et al. (2022) 
for the Nu instrument. In summary, carbonate powders were dissolved 
in 103% phosphoric acid at 70 ◦C for 20 min, while CO2 produced was 
continually frozen in liquid nitrogen. Water was held in a − 60 ◦C trap 
while CO2 was released and purified by passing through a Porapak Q 
trap for 800 s at −30 ◦C. Our relatively large (~5 mg) samples were 
analyzed in bellows mode (as opposed to small-sample cold finger 
mode). To maintain initial beam strength (80 nA) in the Nu Perspective 
over four blocks of twenty reference – sample cycles, bellows were 
continuously adjusted each cycle. Raw beam intensities of masses 44 
through 49 were converted to clumped isotopic values using IUPAC 
(Brand) parameters (Brand et al., 2010) and the R code in Petersen et al. 
(2019). These values were then converted to the Intercarb Carbon Di-
oxide Equilibrium Scale absolute reference frame using measured Δ47 of 
the four ETH standards, as described in Bernasconi et al. (2021). 

Sample mean Δ47-ICDES values were converted to temperature via the 
ETH-standard based temperature calibration of Anderson et al. (2021). 

Table 1 
Amino acid racemization data, reported as the D-alloisoleucine/L-isoleucine 
ratio, here the A/I ratio. The species adjusted A/I ratio adds values specified in 
Hearty et al. (1992) to the Lucina and Arca A/I values, enabling direct com-
parison with their results. The four values with * were excluded from mean 
values and interpretation because they were outliers (2) or species identification 
was not conclusive (2).  

Location Species A/I 
ratio 

Species adjusted A/ 
I ratio 

Mean SE 

Fort Scaur Glycymeris 0.634 – 
0.652 0.023 0.707 – 

Lucina 0.852 0.613 

Lodge Point 
Park Lucina 

0.670 0.482 

0.516 0.037 0.789 0.568 
0.835 0.601 
0.571 0.411 

Long Island 
Glycymeris 0.560 – 

0.523 0.021 Lucina 0.214* 0.154* 
0.675 0.486 

Verrill Island 

Glycymeris 
0.565 – 

0.614 0.015 

0.653 – 
0.633 – 

Lucina 
0.790 0.568 
0.842 0.606 
0.918 0.661 

Bird Island 

Glycymeris 

0.538 – 

0.529 0.020 

0.653 – 
0.549 – 
0.188 – 
0.602 – 
0.583 – 
0.473 – 
0.248 – 
0.448 – 

Lucina 

0.751 0.541 
0.482 0.347 
0.673 0.485 
0.775 0.558 
0.894 0.643 
0.699 0.503 
0.916 0.660 
0.544 0.392 
0.680 0.489 

Elbow Beach Lucina 
0.735 0.529 

0.518 0.012 0.680 0.490 
0.745 0.536 

Whale Bone 
Bay 

Lucina 0.873 0.628 

0.671 0.021 Unknown 0.780* – 
0.759* – 

Arca 0.545 0.714 

Stoke’s Point 
Glycymeris 

0.909 – 

0.844 0.019 
0.858 – 
0.804 – 

Lucina 0.746* 0.537* 
1.120 0.806 

Fort St. 
Catherine Lucina 

0.492 0.354 
0.378 0.030 0.559 0.402 

0.382 0.275  
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Periodic measurement of five in-house carbonate standards enable 
calculation of long-term reproducibility of Δ47 measurement as 0.018‰ 
at 1 standard deviation. All data have been submitted to the ClumpDB 
database within the EarthChem data archive. 

2.6. Temperature calculations using shell δ18Ocarb and Δ47 

High-resolution δ18Ocarb data were converted into temperature using 

the temperature fractionation for calcite and water of Kim and O’Neil 
(1997). Calculating temperature using δ18O fractionation requires input 
of the δ18Owater value in which the shell precipitated. Values for 
δ18Owater were derived from Δ47 temperatures as follows. 

First, for each clumped isotope measurement, the δ18Ocarb value 
acquired during that measurement is used with the calculated clumped 
isotope temperature to calculate a δ18Owater value (via the mineralogi-
cally appropriate fractionation equation). For shells with a single 

Fig. 5. A) Amino Acid Racemization (AAR) data from this study (black circles) with means indicated with blue rectangles. A/I ratios are adjusted for species-specific 
effects as in Hearty et al. (1992). Marine Isotope Stage (MIS) ranges are as given in Hearty et al. (1992) for Bermuda. See supplemental information for stratigraphy of 
sample locations. Analytical error is smaller than point size (< 0.1). B) AAR data for sites interpreted as MIS 5e from both this study and Hearty et al. (1992). Plotted 
means for the Hearty et al. data are weighted based on reported number of analyzed samples, as individual sample data were not reported. Each triangle represents 
1–4 separate measurements, as reported (data from this study are reported as individual analyses). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Table 2 
Descriptive statistics for conventional oxygen isotope data. All data are relative to the Vienna Pee Dee Belemnite standard (VPDB). Full data available as supplemental 
information.  

Shell ID n per shell Mean δ18O (‰ VPDB) δ18O range (‰) Max δ18O (‰) Min δ18O (‰) 

VI 201 32 −0.47 ± 0.06 1.36 0.29 −1.07 
VI 202 11 −0.57 ± 0.07 0.95 −0.12 −1.07 
VI 203 5 −0.47 ± 0.20 1.18 0.27 −0.91 
VI 204 8 −0.86 ± 0.05 0.37 −0.74 −1.11 
VI 205 3 −0.62 ± 0.15 0.59 −0.24 −0.83 
VI 207 11 −0.56 ± 0.11 1.41 0.39 −1.02 
VI 209–1 10 −0.25 ± 0.06 0.69 0.02 −0.66 
VI 209–2 4 −0.46 ± 0.03 0.14 −0.4 −0.54  
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clumped isotope measurement, this δ18Owater value is then used to 
convert each of the high-resolution δ18Oshell measurements to a tem-
perature as shown in Fig. 6. For shells with more than one clumped 
isotope measurement, the δ18Owater value used is an average of the two 
closest Δ47 measurement locations weighted by proximity to the con-
ventional measurement location on the shell (Fig. 6B), That is, the closer 
a point is to a clumped isotope measurement site, the more weight is 
given to that clumped isotope – based δ18Owater value in the temperature 
calculation. As an example: the 5th measurement for shell VI201 is 8 mm 
from a measured clumped-isotope δ18Owater value of +2.1 ‰ VSMOW, 
and 17 mm from a measured clumped-isotope δ18Owater value of +1.8 ‰ 
VSMOW. Therefore, the water value used to calculate temperature (via 
the Kim and O’Neil (1997) equation) is 0.68*2.1 + 0.32*1.8 = 2.0 ‰, 
where 0.68 and 0.32 are the weightings for how close each clumped 
measurement is (with a total distance between points of 25 mm in this 
case). 

3. Results 

3.1. Age dating results and interpretations 

Age interpretations for all sites are based on the data in Table 1 and 
Fig. 5 as well as local stratigraphic context. We identify five new MIS 5e 
sites (Bird Island, Elbow Beach, Lodge Point Park, Long Island, and 
Verrill Island), one new MIS 7 site (Four Scaur), and one pre-MIS 9 site 
(Stoke’s Point). Where our data overlap with previous work, results are 
generally as expected. For example, we find an MIS 5a age for exposures 
at Fort St. Catherine, consistent with Harmon et al. (1983), Hearty et al. 
(1992), and Muhs et al. (2002). While the AAR methodology used in 
Hearty et al. (1992) was not identical, the data concurrence at over-
lapping sites indicates that the data are reasonably comparable. 

With the one exception of the Whalebone Bay site (see below), data 
from all sites agree with our field assessments of likely ages, based 
largely on stratigraphic relationships (where apparent), the mapping of 
Vacher et al. (1989), and degree of cementation. The degree of 

Fig. 6. A) Carbonate δ18O data for all shells measured in this study. The horizontal axis indicates sample number along each shell. Error is approximately the same 
size as each point for conventional δ18O (<0.1 ‰), and is indicated in 2 standard error bars for δ18O measurements taken during clumped isotope analysis. B) 
Clumped isotope and carbonate δ18O measurements (part A) combined to create high-resolution temperature records, as described in the text. The error envelope 
indicates two standard error resulting from the calculated δ18Owater value from replicate clumped isotope measurements. The horizontal axis indicates only sample 
number along each shell. The blue bars indicate Cittarium-based temperature ranges from Zhang et al. (2021). The grey bar is the modern offshore buoy temperature 
range from Hervey et al. (2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cementation can often be used as a rough guide of relative age in 
Bermuda (Land et al., 1967), especially to distinguish between the more 
lithified Belmont Formation (interpreted by Rowe et al. (2014) as MIS 7) 
and the less lithified overlying Rocky Bay Formation (MIS 5e). This 
difference in lithification is observed in superposition at sites like Grape 
Bay and Rocky Bay. For example, we observed a high degree of lithifi-
cation at Fort Scaur, which suggested an assignment of the Belmont 
Formation for the exposed marine layers there. This was then supported 
by A/I ratios in agreement with Belmont (MIS 7 age) data from other 
sites. 

At Bird Island, shells from three stacked shell layers (Supplemental 
Information) yielded overlapping A/I ratio ranges, indicating that any 
time difference between the layers is too short to be distinguished with 
this technique. Harmon et al. (1983) previously reported a single 
younger MIS 5a U-series date from Bird Island, but there is a good 
chance this coral was collected from a different bed. Their locality is 
described as the west side of the island; our samples come from expo-
sures at its northern tip. Further, we observed no corals in the shell beds 
we sampled, suggesting a different paleoenvironment. The young U- 
series date may also be an outlier, as the other two U-series ages from the 
Great Sound at Bluck’s Island and Hawkins Island reported by Harmon 
et al. (1983) are consistent with MIS 5e. Indeed all of our data from the 
Great Sound of Bermuda, including Long Island and Verrill Island as 
well, indicate an MIS 5e age for shelly horizons outcropping above 
modern sea level. 

It is important to note, however, that Verrill Island AAR ratio values 
span both the MIS 5e and MIS 7 A/I ratio ranges, and it is likely that this 
deposit is meaningfully older (either within the MIS 5e interglacial or as 
part of MIS 7) than the other MIS 5e localities dated here. The Verrill 
Island mean AAR value of 0.61 ± 0.04 is distinct from the ~0.52 mean 
value for Lodge Point Park, Long Island, and Elbow Beach. Still, we infer 
that Verrill Island shells were deposited during MIS 5e based on: 1) a 
mean AAR value within the MIS 5e range; 2) the mapping and in-
terpretations of Vacher et al. (1989); 3) the general lack of cementation 
consistent with other MIS 5e sites; and 4) nearby (< 350 m) clearly MIS 
5e AAR ratios from Long Island. Verrill Island is therefore likely repre-
sentative of an earlier deposit within MIS 5e, and our paleoclimate in-
terpretations are based on an older (but still Last Interglacial) age 
relative to previously studied Rocky Bay Formation deposits on the 
South Shore. 

Interestingly, the distribution of AAR ages in the MIS 5e timespan 
seems to be split into older and younger groups when incorporating the 
full dataset of Hearty et al. (1992); (Fig. 5B). It is plausible that younger 
ages indicated by lower A/I ratios of roughly 0.5 at Bird Island, Elbow 
Beach, Lodge Point Park, and Long Island represent a younger trans-
gression within MIS 5e. And that higher A/I ratios of roughly 0.6 at 
Verrill Island and the Hearty et al. (1992) sites Blackwatch Pass, Hungry 
Bay, and Barkers Hill indicate an older transgression within MIS 5e (and 
the Rocky Bay Formation). This two-transgression interpretation would 
be consistent with MIS 5e Atlantic sea level reconstructions that indicate 
two separate sea level pulses during the broader Last Interglacial high-
stand (Kopp et al., 2009). The paleoclimate implications of Verrill Island 
being older than published data from the South Shore is discussed below 
(Section 4.2.3). Higher precision dating and/or field studies would be 
required to fully test the two-transgression hypothesis in Bermuda. 

Our data from Whalebone Bay appear to suggest an MIS 7 age. 
However, this site has been convincingly dated to MIS 5e using U-series 
dating (Muhs et al., 2002), confirming previous AAR dating by Vacher 
and Hearty (1989). There are two likely explanations for the discrep-
ancy: 1) the shell bed we sampled is not identical to that sampled in 
other studies, and represents a highly localized older deposit, or 2) it is 
the result of poor shell preservation. We favor the second explanation 
based on visible shell wear, abundant dissolution pits within shells, and 
friable textures. Diagenesis at Whalebone Bay was a challenge for pre-
vious researchers as well (Vacher and Hearty, 1989), who had fewer 
species from this site to work with compared to other sites. Due to our 

low data quality from this site, we defer to the original U-series-based 
assignment of MIS 5e (Muhs et al., 2002) for the Whalebone Bay locality. 
We did not use shells from this site for paleoclimate work. 

The Stoke’s Point locality is clearly much older than the other sites 
based on available dating as well as relative stratigraphic position. 
Harmon et al. (1983) reported U-series ages of ~228 to >300 ka for this 
site. Our AAR data agree, in that a mean A/I value of 0.844 ± 0.06 in-
dicates an age likely much older than MIS 7. The geology of this expo-
sure is also markedly different from all the others, with feldspar-rich 
sand layers and possible weathered volcanics (See Supplemental Infor-
mation). More work would be needed to understand the age and sig-
nificance of this outcrop. 

3.2. High resolution conventional stable isotope results 

The high resolution conventional stable isotope results are found in 
Table 2 and Fig. 6. The eight Dendostrea oysters record a mean δ18Ocarb 
value of −0.51 ± 0.17 ‰ (VPDB). The largest oyster (VI 201) records a 
gradual trend towards more negative δ18O values, indicative of a po-
tential seasonal cycle (Fig. 6). Other shell records are shorter and 
apparently spanned less than one year, e.g. VI 204 and VI 209–2. Shell 
δ18Ocarb amplitudes are quite variable, with as little as ~0.4 ‰ as a 
range for VI 209–2 (with only 4 measurements) and as much as ~1.5 ‰ 
in VI 201 and VI 207. The overall Dendostrea δ18Ocarb range is from 
−1.11 to 0.39‰ VPDB (Fig. 6). All shell profiles are broadly consistent 
with each other in terms of variability around the average δ18Ocarb 
value. One minor exception is VI 209–1, which skews a bit more posi-
tive; this could very likely be a simple effect of small sample size, or 
perhaps this shell lived in slightly deeper and cooler waters. Shell VI 204 
has values skewed towards more negative δ18Ocarb, and thus perhaps 
lived in slightly shallower and warmer waters. 

Interpretation of stable carbon isotopes in coastal marine mollusks is 
complex and hindered by the wide range of controls on shell δ13C, 
including metabolic effects (McConnaughey and Gilliken, 2008). Our 
oyster δ13C values varied between −0.3 and 2.7 ‰ VPDB, with a mean of 
1.9 ‰ VPDB. (Supplemental Information Fig. S1). These values are very 
similar to those reported locally for MIS 5e Cittarium Pica in Zhang et al. 
(2021) and Winkelstern et al. (2017), suggesting broadly similar 
ambient dissolved inorganic carbon values across sites. 

These results are consistent with a general lack of diagenetic alter-
ation of our isotopic data. The isotopic data themselves support the idea 
that they are measurements of unaltered shell material (Section 2.3) 
because: 1) There is no meaningful difference between δ18Ocarb profiles 
or averages of highly bored and more pristine shells; 2) the visible 
seasonality would likely be minimized by diagenetic effects; 3) they, 
along with the clumped isotope data described below, do not match 
expected values for freshwater (diagenetic) cement compositions, like 
those measured by Defliese and Lohmann (2016); and most critically 4) 
our interpretations do not rely on any particular δ18Ocarb data point but 
instead consider the overall patterns in the data. Even in the case where 
a small number of these data do reflect some degree of alteration, our 
findings would not be meaningfully affected. 

3.3. Clumped isotope results 

The clumped isotope results are recorded in Table 3. The Dendostrea 
Δ47 values result in a mean temperature of 23.9 ± 3.0 ◦C, with a range of 
Δ47 temperatures between 19.1 ± 1.8 ◦C to 28.0 ± 1.3 ◦C. These values 
are roughly equivalent with modern Bermuda temperatures (16–31 ◦C; 
Hervey et al., 2013). 

The δ18Owater values are also shown in Table 3. The Dendostrea have a 
mean δ18Owater value of +1.6 ± 0.6‰, with a range of 0.9 ± 0.5 ‰ to 
+2.3 ± 0.3 ‰ VSMOW. These data are consistent with modern seawater 
δ18O measurements reported in Zhang et al. (2021), which range from 
+0.9 to +1.8 ‰ VSMOW. In particular, a single water sample taken from 
near Bird Island (nearby Verrill Island within the Great Sound) produced 
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a value of +1.3 ‰ VSMOW, in close agreement with the mean values 
from fossil Dendostrea. 

4. Discussion 

4.1. Paleoclimate conditions recorded by Dendostrea 

Bivalves in general are reliable recorders of paleoclimate, and with 
few exceptions are thought to precipitate in approximate isotopic 
equilibrium with their surrounding water (Wanamaker Jr et al., 2006; 
Henkes et al., 2013). The Dendostrea genus in particular has not been 
previously used as a paleoclimate proxy, and we did not specifically 
evaluate the geochemistry of modern examples. However, several efforts 
studying stable isotopes in the Ostreidae family suggest that adult oyster 
growth is not subject to unique geochemical effects that would inhibit 
their use as a proxy. Stable isotope analyses of oyster shells with a focus 
on environmental reconstruction have been carried out in several 
studies, including Kirby et al. (1998), Surge et al. (2001), Goodwin et al. 
(2021), and Huyghe et al. (2022). Generally, these studies found that 
adult shells precipitate in equilibrium with local waters, enabling ac-
curate (paleo)environmental reconstruction. Like all mollusk records, 
some inherent biases are expected as a result of several factors, including 
timing of shell growth during the year and water depth (Kirby et al., 
1998; Marchitto et al., 2000; Schöne, 2008). Oysters in particular are 
fast-growing shells, with significant growth taking place during a single 
year, with relatively limited growth during any subsequent years 
(Huyghe et al., 2022). This factor likely contributed to the relatively 
short (≤ one year) sclerochronological records we obtained. 

Most of the individual Dendostrea shells we measured show less than 
a year of growth in the high-resolution δ18Ocarb and temperature records 
(that is, no obvious seasonality). At least three Dendostrea shells do re-
cord a meaningful shift in temperature across the sampled interval 
(VI201: ~24 to ~30 ◦C; VI209–1: ~19 to ~24 ◦C; and VI203: ~25 to 
~19 ◦C; Fig. 6B), indicating more than one season was recorded. But the 
generally short records are likely due to rapid growth rates and possibly 
limited adult growth (Huyghe et al., 2022). The short records were ex-
pected given that oyster genera Crassostrea and Magallana are known to 
complete most of their total growth within the first two years of life 
(Chávez-Villalba et al., 2005; Huyghe et al., 2019), with rate of growth 
dependent on highly local factors like the nearby presence of seagrass 
(Ricart et al., 2021). Another factor in the brief, discontinuous records 
may be that sampling resolution and subsample locations within each 
shell could have resulted in reduced apparent seasonality than what the 
shell actually experienced. Exact subsample locations may not have 
encompassed all available time preserved by a given shell, particularly 
on shells where care was taken to avoid potentially altered shell pits 
(Supplemental Information). Whatever the cause, the Dendostrea shells 
provide a scattered and fairly discontinuous record while still preserving 

general environmental conditions that are highly likely representative of 
the overall environment. 

Our findings further imply Dendostrea is a reliable recorder of 
climate, particularly when the generally brief geochemical ‘snapshots’ 
from each individual shell are considered together. When the records 
from all eight shells are combined as one population, temperatures 
calculated from combined δ18Ocarb and Δ47 measurements (range ~ 18 
to ~33 ◦C; average ~ 24 ◦C; see Section 2.5) are functionally identical to 
modern conditions (16–31 ◦C; Hervey et al., 2013). Likewise, the mean 
δ18Owater value of +1.6 ± 0.6‰ is indistinguishable from the modern 
δ18Owater measurement of +1.3 ‰ VSMOW reported in Zhang et al. 
(2021) from near Bird Island (~750 m away within the Great Sound). 
Taken as a whole, the stable isotope geochemistry of this oyster popu-
lation is essentially identical to what would be expected for bivalves 
(including Dendostrea) living in the shallow waters of the Great Sound 
today. 

This suggests that the climate of the Last Interglacial in Bermuda was 
very similar to modern, at least during the deposition of the Verrill Is-
land oyster bed. This is in contrast to the generally cooler conditions 
inferred from similar approaches at different localities on the South 
Shore (Zhang et al., 2021; Winkelstern et al., 2017). Indeed, slightly 
cooler conditions relative to modern might be expected for Bermuda 
based on global Last Interglacial proxy compilations (Turney and Jones, 
2010; Otto-Bliesner et al., 2013; Capron et al., 2014), which describe 
warmer poles and cooler tropics relative to modern. Possible explana-
tions for the differences between sites are discussed below. 

4.2. Explaining hydroclimate differences between Last Interglacial sites 

The warm, relatively stable conditions recorded by the Verrill Island 
oysters are substantially different from those reported from MIS 5e sites 
along the south shore at Grape Bay and Rocky Bay (Fig. 6A). There 
Winkelstern et al. (2017) and Zhang et al. (2021) found that Cittarium 
pica gastropod shells record colder, isotopically lighter, and more vari-
able water conditions (Figs. 6B; 7A). The Grape Bay site in particular is 
~1.5 ‰ VSMOW lighter and ~ 10 ◦C colder, reflecting clearly different 
controls on shell isotopic chemistry. Because the south shore sites are 
only kilometers away (< 7 km) and today experience identical tem-
perature patterns (Guishard, 2022), these marked differences in tem-
perature, δ18Owater, and overall variability require explanation. We 
discuss three non-mutually-exclusive potential answers below. 

4.2.1. Differences in species lifestyle 
The very large variability observed in the Cittarium δ18Owater data (>

5 ‰) but not observed in the Dendostrea data (~2 ‰) is likely in part a 
behavioral effect. Cittarium pica snails are commonly observed in tide 
pools, shallow waters, and also waters as much as 7 m deep (Robertson, 
2003; Rosenberg, 2009). They would therefore be more likely to 

Table 3 
Clumped isotope (Δ47) data for all samples. Calculated water values are reported relative to the Vienna Standard Mean Ocean Water standard (VSMOW), as calculated. 
Samples with multiple temperature and δ18Owater measurements are from different locations on the shell – each measurement shown here is based on at least 3 replicate 
analyses. Value after the ± symbol is one full standard error. All data are available in the supplemental information.  

Shell ID Δ47 temperature (◦C) Mean Δ47 temperature (◦C) δ18Owater (‰ VSMOW) Mean δ18Owater (‰ VSMOW) 

VI 201 
26.3 ± 2.4 

25.8 ± 0.6 
2.3 ± 0.5 

2.1 ± 0.1 26.6 ± 0.5 1.8 ± 0.1 
24.5 ± 4.7 2.1 ± 1.0 

VI 202 
23.8 ± 1.3 

22.7 ± 0.9 
1.3 ± 0.2 

1.2 ± 0.2 23.4 ± 1.6 1.4 ± 0.4 
20.9 ± 2.1 0.8 ± 0.5 

VI 203 22.1 ± 2.0 22.1 ± 2.0 1.1 ± 0.5 1.1 ± 0.5 
VI 204 28.3 ± 1.2 28.3 ± 1.2 2.3 ± 0.3 2.3 ± 0.3 
VI 205 27.1 ± 0.9 27.1 ± 0.9 2.1 ± 0.2 2.1 ± 0.2 
VI 207 22.8 ± 1.7 22.8 ± 1.7 1.5 ± 0.4 1.5 ± 0.4 

VI 209–1 22.1 ± 2.5 19.4 ± 1.7 1.5 ± 0.5 0.9 ± 0.5 17.7 ± 1.8 0.4 ± 0.3 
Vi 209–2 26.0 ± 1.4 26.0 ± 1.4 2.1 ± 2.1 2.1 ± 0.2  
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experience highly localized and temporary effects (like tidal pool 
evaporation) as they move, relative to more stationary and permanently 
offshore bivalves (Olson and Hearty, 2013). Indeed, Dendostrea in 
contrast are fixed and commonly found in shallow waters, with a depth 
range extending upwards to low tide sea level (Rosenberg, 2009; 
Quigley and Hill, 2015). And today Dendostrea observations are con-
strained to the Great Sound and other sheltered areas, and have not been 
reported from the South Shore (iNaturalist) These oysters would be far 
less likely to experience variability greater than their inhabited water 
body. It is therefore likely that the combined Dendostrea temperature 
and δ18Owater ranges are a more accurate measure of past seasonality, 
with the caveat that the short records preserved in a given shell require 
the combination of many shells to estimate seasonality. 

Clumped isotopes in modern Cittarium do accurately record modern 
average conditions (Winkelstern et al., 2017; Zhang et al., 2021), and so 
the colder and lighter δ18Owater conditions they record at on average at 
Rocky Bay and especially Grape Bay still require an alternative expla-
nation. Indeed, the effect of tidal habitats would seem likely to induce a 
warm and heavier δ18Owater bias in Cittarium relative to Dendostrea, if 
any, rather than the colder and lighter conditions observed. This mean 
difference is difficult to explain from species-specific effects alone, 
implying a real difference in environment recorded at each site. 

4.2.2. Spatial variability: groundwater influence and evaporative restriction 
It is very likely that highly local differences in environment affect the 

climate recorded by the Dendostrea population relative to the Rocky Bay 
and Grape Bay Cittarium population. This is because there are observable 
differences in hydrology between the Great Sound and the South Shore 
today. Local differences are particularly notable for δ18Owater; mea-
surements by Zhang et al. (2021) found that Great Sound waters were 
essentially constant (1.2 to 1.3 ‰), while South Shore waters varied over 
a much wider range (0.8 to 1.8 ‰). Zhang et al. (2021) attributed much 
of this modern variation and lower δ18Owater to local groundwater 
discharge, supported by proximity to the modern Devonshire Lens 
aquifer (Vacher, 1978). They showed that this discharge can result in 
roughly 1 ‰ VSMOW reductions in local waters in the modern, enough 
to explain much of the δ18Owater difference between sites we observe 
here. It is expected that all four main aquifers in Bermuda today could 
also lower δ18Owater values and increase δ18Owater variability in relation 

to changes in sea surface height, with sites near these lenses being more 
vulnerable to changes in δ18Owater (Zhang et al., 2021). Meaningful 
differences in past aquifer size and porosity mean that Last Interglacial 
hydrogeology would not be identical, but it would have been sufficient 
to induce the location-based differences we observe (Zhang et al., 2021). 

The more muted variability at Verrill island, then, would imply a lack 
of groundwater effects in Great Sound during MIS 5e, as seems to be the 
case today (Zhang et al., 2021). The ~1.5 ‰ difference in δ18Owater 
observed between Great Sound fossils and Grape Bay fossils could also in 
part be attributed to slight evaporative restriction of waters in the Great 
Sound relative to the more open South Shore. Last Interglacial geogra-
phy was likely somewhat similar to today (though with less exposed 
land; Land et al., 1967), and so MIS 5e Great Sound sites could plausibly 
have experienced a modest relative degree of lagoonal restriction as is 
true today. Such an environment would be expected to correlate with 
increased temperatures due to reduced mixing in shallow waters (e.g., 
Newton and Mudge, 2003), as well as elevated δ18Owater due to evapo-
ration (Rohling, 2013). As such our Verrill Island record should be 
considered a potentially slightly warm-biased record, implying that 
overall conditions in Bermuda during MIS 5e were at least similar to or 
possibly even cooler than today. We do not think this location-related 
warm bias is large (if any), because of the marked similarity to mod-
ern conditions in both recorded temperature and δ18Owater. 

4.2.3. Temporal variability: multiple MIS 5e high stands? 
The modeling of Kopp et al. (2009) suggested that two separate 

major transgressions (and subsequent regressions) occurred worldwide 
during MIS 5e. Dating and sedimentological evidence for this has been 
reported in a few places in the western North Atlantic, including San 
Salvador, The Bahamas (Chen et al., 1991; Skrivanek et al., 2018). In 
Bermuda, this idea was part of the reasoning of Hearty (2002) to assign 
the Belmont Formation to MIS 5e, rather than MIS 7. While Rowe et al. 
(2014) make a clear case for the Belmont to retain its original MIS 7 age 
(of Vacher et al., 1989), they did not specifically rule out the existence of 
multiple transgressive events within the MIS 5e Rocky Bay formation. 
Age differences were also suggested as an explanation for the significant 
differences in hydroclimate between the Rocky Bay and Grape Bay sites 
in Winkelstern et al. (2017), though not necessarily because of separate 
peaks in sea level. Indeed, a steady increase in western North Atlantic 

Fig. 7. A) All published clumped isotope measurements from Bermuda in this study and Zhang et al. (2021), including their reprocessed data of Winkelstern et al. 
(2017). Note that most shells were measured in more than one location on the shell; thus the number of data points (30) is larger than the number of shells analyzed 
(14; see Table 3 for data from this study). Modern temperature range is offshore buoy data from Hervey et al. (2013); the modern δ18Owater range is from all 
measurements reported in Zhang et al. (2021). B) Comparison between carbonate δ18O and clumped isotope temperatures from the same measurements as in part A. 
Mean carbonate δ18O values are very similar, despite the fact that south shore C. pica record more variable and on average colder conditions. 
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sea level during MIS 5e followed by a rapid drop was described by Dyer 
et al. (2021). In either case, based on available age dating (and the 
paleoclimate data themselves) it seems likely that temporal differences 
help explain the different conditions found at Verrill Island and along 
the South Shore. 

We do not believe that our amino-acid based dating, along with that 
of Hearty et al. (1992), and the available U–Th data (Harmon et al., 
1983; Muhs et al., 2002) are sufficiently precise to conclusively define 
separate transgressions in Bermuda during the ~20 kyr span of MIS 5e. 
But the clear variability in mean MIS 5e AAR ages (Section 3.1; Fig. 5B) 
suggests it is at least possible that some Last Interglacial deposits in 
Bermuda are thousands of years older than others. The Grape Bay lo-
cality in particular is more likely to be deposited later in the interglacial 
than earlier, based on a U–Th range extending as late as ~113 ka and 
AAR ratios that are as low as 0.44 (Muhs et al., 2002; Hearty et al., 
1992). With the relatively high AAR ratio (~0.61) we measured in shells 
from Verrill Island, as well as the slightly lower elevation of the deposit, 
it is therefore plausible that the Verrill Island oysters were deposited 
well before shells at Grape Bay (and perhaps Rocky Bay as well) within 
MIS 5e. This would have meaningful effects on the paleoclimate they 
record. 

Peak warmth during the Last Interglacial would be expected to occur 
before peak sea level (Oppo et al., 2006; Dyer et al., 2021). In this sce-
nario, shells deposited earlier in the stage would be expected to record 
warmer conditions. Shells deposited later within the stage would instead 
reflect cooling, despite still higher sea levels. This basic framework fits 
our data, with the seemingly older oysters recording warmer conditions 
than the cooler and seemingly younger south shore sites (especially 
Grape Bay). The idea also does not require distinct transgressions; 
deposition across the interglacial could occur as a result of sporadic 
deposition during transgression or regression during one or multiple 
individual sea level rise events. 

Fully testing the idea that climate in Bermuda cooled during MIS 5e 
across discontinuous outcrops would require both more precise age 
dating and elevation data (including some accounting for vertical and/ 
or tectonic movement; Rowe et al., 2014). Intra-outcrop variability 
could be another promising approach. For example bivalves at Bird Is-
land (also in the Great Sound) were deposited in discrete superimposed 
layers and may record a geochemical record of environmental changes 
across interglacial time. 

In summary, warmer and more positive δ18Owater conditions recor-
ded by Verrill Island oysters relative to published South Shore data are 
likely the result of multiple factors. Species lifestyles and highly local 
environmental effects logically play some role. But perhaps most 
intriguing is the possibility that discrete deposits record either earlier or 
later MIS 5e time in Bermuda, and that the earlier deposits may record a 
warmer climate than the later deposits. Future work on these questions 
could help better constrain the timing and duration of peak Last Inter-
glacial warmth in Bermuda. 

4.3. Relevance to other coastal paleoclimate work 

Beyond the specific interpretations of the paleoclimate data, our 
findings also further illustrate the importance of clumped isotopes in 
allowing for two-dimensional analysis across temperature and δ18Owater. 
For example, an investigation of only shell carbonate δ18O would not 
have found major differences between the Dendostrea and Cittarium data. 
Even at Grape Bay (which recorded markedly cooler conditions), mean 
shell δ18Ocarb values ranged from about −0.4 to +0.3 ‰ VPDB (Win-
kelstern et al., 2017), while the Verrill Island mean shell δ18Ocarb ranged 
from about −0.9 to +0.2 ‰ VPDB (Fig. 6B). The values of course are not 
identical, but the ~10 ◦C colder mean temperature at Grape Bay was in 
effect hidden by simultaneously ~1.5 ‰ lower δ18Owater values. The 
ability to measure independently via clumped isotopes therefore reveals 
meaningful variability across a small geographic area (and across 
perhaps a few thousand years). 

This meaningful difference between sites no more than ~5 km apart 
illustrates the challenge of evaluating paleoclimate in coastal regions, 
and the importance of obtaining proxy data from multiple environments 
where possible. Oxygen isotopic variability in modern coastal marine 
waters is not very well understood (examples include Schmidt et al., 
1999; Venancio et al., 2014), implying that studying coastal isotopic 
variability in the geologic past requires high temporal and spatial res-
olution (in the form of multiple localities). Having multiple genera en-
ables multiple perspectives as well; for example Dendostrea on their own 
record little inter-annual variability, and the mobility of Cittarium likely 
causes the wider (and exaggerated) variability they record. Further 
isotopic work on the Lucina and Glycymeris shells used for AAR analyses 
in this study would be one way to further assess the ecologic effects of 
shell proxy data. Fully unraveling the time, space, and ecologic variables 
discussed here ultimately requires more work on each. But the Dendos-
trea data illustrate that Last Interglacial conditions in Bermuda in at least 
one time and location were very similar to today, and therefore that 
local paleoclimate is more complex than being simply cooler than 
modern throughout the interval. 

5. Conclusions 

Here we have contributed new age dating and MIS 5e paleoclimate 
data for the islands of Bermuda. Our new AAR data support previous 
assessments of outcrop age across Bermuda, and help support our 
interpretation that the Verrill Island site studied here is a Last Inter-
glacial deposit. In combination with previous work, these ages also 
indicate the possibility of multiple transgressions within MIS 5e in 
Bermuda, or at least discontinuous episodes of deposition across the 
interval. 

The stable isotope geochemistry of Dendostrea from the modern 
Great Sound of Bermuda is essentially as would be expected for mollusks 
living there today. These relatively warm and stable conditions are in 
contrast with past work on Cittarium from the South Shore of Bermuda, 
which showed colder temperatures and lower marine δ18Owater. We 
consider these hydroclimate differences to be the result of differences in: 
1) how oysters and top shells live; 2) the degree of open marine condi-
tions and coastal groundwater input; and 3) time of deposition, with the 
warmer Verrill Island shells seemingly being deposited earlier. At the 
very least, the like-modern conditions recorded by these Dendostrea 
show that warmer-than-expected conditions occurred in Bermuda dur-
ing the Last Interglacial. 
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