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Abstract Faunal analog reconstructions suggest that Last Interglacial (MIS 5e) sea surface
temperatures were cooler around Bermuda and in the Caribbean than modern climate. Here we describe
new and revised clumped isotope measurements of Cittarium pica fossil shells supporting previous
findings of cooler than modern temperatures in Bermuda during the Last Interglacial. We resolve
temperature and 8'°0,, differences between two closely located and apparently coeval sites described in
Winkelstern et al. (2017), https://doi.org/10.1002/2016pa003014 through reprocessing raw isotopic data
with the updated Brand/IUPAC parameters. New subannual-resolution clumped isotope data reveal large
variations in §'*0,, out of phase with seasonal temperature changes (i.e., lower §'*0,, values in winter).
Supported by modern §'*0,, measurements identifying similar processes occurring today, we suggest past
variations in coastal 8'%0,, were driven by seasonally variable freshwater discharge from a subterranean
aquifer beneath the island. Taken together, our results emphasize the importance of §'°0,, in controlling
carbonate 8'*0, and suggest that typical assumptions of constant 8'*0,, should be made cautiously in
nearshore settings and can contribute to less accurate reconstructions of paleotemperature.

1. Introduction

The Last Interglacial (Marine Isotope Stage 5e, or MIS 5e) is the most recent time in which global mean
surface temperatures exceeded modern values, reaching ~2°C warmer than present (CLIMAP, 1984; Kaspar
et al., 2005; Kukla et al., 2002; Turney & Jones, 2010; Sanchez Goni et al., 2012). Reconstructions of MIS 5e
sea surface temperature (SST) as part of the CLIMAP project and subsequent studies found that the oceans
were not uniformly warmer during this time (Brocas et al., 2019; CLIMAP, 1984; Harrison et al., 1994; Tur-
ney & Jones, 2010). Instead, regional-scale spatial patterns were revealed showing a generally cooler recon-
structed Central Atlantic and Caribbean temperatures (with the exception of one study showing warmer
than Holocene in the Carribbean; Schmidt et al., 2004) and warmer reconstructed conditions in the North
Atlantic and Greenland/Iceland/Nordic Sea (Brocas et al., 2019; CLIMAP, 1984; Turney & Jones, 2010), sug-
gesting differences in meridional heat transport relative to today. The island of Bermuda (32.4°N, 64.8°W)
sits near this paleo-interface, with cooler-than-modern regions to the south and warmer-than-modern re-
gions to the north.

Today, as a result of the warm Gulf Stream Current that contours along the U.S. East Coast, Bermuda has
a warm subtropical climate that defies its latitude and makes it the northern-most Atlantic location where
coral reefs grow (Coates et al., 2013). The annual average SST is 23°C and the throughout the year tempera-
ture ranges from 19°C-29°C (lowest monthly mean to highest monthly mean - NOAA National Data Buoy
Center), compared to 4°C-28°C in coastal Charleston, South Carolina at the same latitude (US Climate Data
2019) (https://www.usclimatedata.com/).

Sediments on Bermuda consist of layered eolianites, marine limestones and terra rosa paleosols (Coates
et al., 2013). During warm, interglacial periods, carbonates formed across an expanded platform sub-
merged by higher sea level; during glacial periods, eolianites formed as coastal dunes covered a larger is-
land area exposed by lower sea level (Meischner et al., 1995). Today, marine carbonates exposed ~0-5 m
above the modern water line contain fossil shells and corals that can be dated and used for paleoclimate
reconstructions. The stratigraphy of Bermuda has been well characterized, considered and refined over the
years (Hearty, 2002; Hearty & Olson, 2010; Hearty et al., 2004; Land et al., 1967; Muhs et al., 2002; Rowe
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Figure 1. Map of Bermuda showing the location of freshwater aquifers, seawater, tap water and lake/pond waters collected across the island. Fossil and
modern shell collection sites also shown for comparison. Freshwater lens locations are from Vacher (1978) and van Hengstum and Scott (2012).

et al., 2014). Geochronological techniques including Amino Acid Racemization, Uranium-Thorium dating,
and seismic imaging (Harmon et al., 1983; Hearty et al., 1992, 1999; Rowe et al., 2014; Vollbrecht, 1990) have
led to a robust age model assigning marine deposits to the last several interglacial intervals. Limestone units
on the island can now be divided into five main Formations, in ascending order: Walsingham (>700,000 ka,
>MIS 13), Town Hill (~400,000 ka, MIS 11), Belmont (~200,000 ka, MIS 7), Rocky Bay (~120,000 ka, MIS
5e) and Southampton Formations (~80,000 ka, MIS 5a). In particular, the Devonshire Marine Member of
the Rocky Bay Formation has been dated to the MIS 5e, based on numerous stratigraphic and dating efforts
using multiple techniques mentioned above (Hearty, 2002; Hearty and Olson, 2010; Hearty et al., 2004;
Land et al., 1967; Muhs et al., 2002; Rowe et al., 2014).

Cittarium pica (C. pica), also known as the West Indian top-shell, is a distinct, fast-growing, intertidal gas-
tropod that inhabits crevices and small protected areas of exposed rocky shores (Olson & Hearty, 2013;
Robertson, 2003). This species occurs today in Bermuda, throughout the Caribbean and in Central Amer-
ica. In Bermuda, abundant, well preserved C. pica fossils can be found in the marine limestones deposited
along past rocky shores during multiple prior interglacial stages, specifically MIS 11, 9, 5e and 1 (Olson &
Hearty, 2013; Walker, 1994). All fossil C. pica mentioned in this study were collected from the Devonshire
Marine Member of the Rocky Bay Formation (MIS 5e).

Due to the small size of the island, there are no freshwater lakes or rivers, but freshwater collects in sub-
surface lenses that discharge directly into the surrounding oceans below the waterline (Rowe, 1984; Vach-
er, 1978; Figure 1). Bermuda has multiple subsurface freshwater lenses, the largest one being the Devon-
shire Lens or Central Lens under Devonshire, Smith’s and Paget parishes. This lens covers an area more
than twice that of the other freshwater lenses combined (Rowe, 1984). Large differences in permeability in
the hydrostratigraphic units containing the aquifer (hydraulic conductivity of 30-120 m/day in the Langton
Aquifer on the north side of the island vs. 1,000 m/day in the Brighton Aquifer on the south side of the
island) leads to an asymmetrically shaped lens in cross section and impedes the escape of freshwater to the
oceans on the north shore versus the south shore (Vacher & Rowe, 1997).
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A previous paleoclimate study reconstructed cooler-than-modern SSTs during MIS 5e at two sites in Ber-
muda using subannual stable isotopes and bulk clumped isotopes on gastropod fossils of the species C. pica
(Winkelstern et al., 2017). Reconstructed paleotemperatures differed significantly between the two sites,
despite their close proximity (~2 km apart) and apparently equivalent geologic age (based on stratigraphic
correlation and limited radiometric age dating). Samples from Grape Bay (GB) recorded significantly cool-
er temperatures (~10°C cooler than today) compared to samples from Devonshire Bay/Rocky Bay (DB/
RB) (~5°C cooler than today). Both the large apparent temperature difference between the two sites and
the extreme level of cooling relative to today were difficult to explain. The authors proposed that cool,
fresh, isotopically depleted waters from the melting Greenland Ice Sheet could have traveled southward and
temporarily cooled and lowered the isotopic composition of coastal waters around Bermuda (Winkelstern
et al., 2017).

Here, we present new, subannual-scale clumped isotope measurements on five of the ten C. pica shells from
the original study (1 modern, 2 fossils from DB/RB, 2 fossils from GB) to investigate the seasonal persistence
and timing of interglacial cooling and determine whether inter-site differences may have been the result of
seasonal sampling bias. Published clumped isotope data from Winkelstern et al. (2017) were recalculated
using improved data processing techniques (IUPAC/Brand parameters; see Petersen et al., 2019) for more
accuracy and to enable better comparison with new data. Finally, we present 80 of modern waters (tap
and marine) from 16 locations around the island and compare with reconstructed §'*0,, based on clumped
isotope measurements. Our findings, combining new subannual clumped isotope measurements repro-
cessed published data, and these modern water data, point to the importance of seasonal variations in 8%y,
over temperature in controlling carbonate §'*0. They also highlight that typical assumptions of seasonally
invariant 8'0,, should be made cautiously, even in settings like Bermuda that have nearly zero above-
ground (riverine) freshwater runoff.

2. Materials and Methods
2.1. Sample Selection and Sampling Strategy

Carbonate clumped isotope paleothermometry (A,;) is a thermodynamically based proxy founded on the tem-
perature dependence of the abundance of *C-'*0 bonds in the carbonate mineral lattice (Eiler, 2007, 2011).
At colder temperatures, these rare and heavy isotopes clump together at a level higher than expected by
the stochastic (random) distribution of these isotopes, denoted as A,; based on the occurrence of mass-47
CO, (containing both heavy isotopes) produced from acid-digestion of carbonate (Affek, 2012; Huntington
et al., 2009). While traditional §'®0-based thermometry requires knowledge of the 'O of the precipitat-
ing fluid (8'®0,,) to accurately reconstruct past climate, the clumped isotope method has the ability to re-
construct a sample’s formation temperature, 50, §"°C, and §'*0,, with a single measurement (Eiler, 2011;
Ghosh et al., 2006). In mollusk shells like the gastropod C. pica, clumped isotopic sampling along the direc-
tion of growth can reveal subannual changes in carbonate 8'%0, temperature and §'%0,, (via A4,).

Mollusk shells act as high-resolution archives of paleoenvironmental information and the geochemistry
of mollusk shells has often been used to reconstruct paleotemperature (Grossman & Ku, 1986; A. Tripa-
ti et al., 2001; Wanamaker et al., 2006; Eagle et al, 2013). However, in certain cases, carbonate-secreting
organisms (e.g., corals, brachiopods) do not precipitate their skeletons in equilibrium with the ambient
environment, leading to inaccurate estimations of paleoenvironmental conditions (Bajnai et al., 2018; Eagle
et al., 2010; Thiagarajan et al., 2011; A. K. Tripati et al., 2010; Saenger et al., 2012). To date, isotopic vital
effects have not been identified in any mollusk species (Eagle et al., 2013; Henkes et al., 2013; Winkelstern
et al., 2017).

A total of six well-preserved C. pica shells collected, described, and analyzed by Winkelstern et al. (2017)
were resampled for this study: two modern specimens from Cooper’s Island, two MIS 5e fossil shells each
from Devonshire/Rocky Bay and GB (Figure 1). A third modern specimen (BM3), collected alongside the
other two modern shells as part of the original study but never analyzed, was added to make a total of seven
shells studied. As part of the original study, the first six shells were micro-sampled at high resolution for
8'%0 and bulk sampled for clumped isotope (A4;) analysis at a single point near the aperture. These original
A4; analyses therefore reflected the last shell growth for each organism.
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In our current study, additional high resolution "0 sampling was conducted on two previously sampled
modern shells (BM1, BM2) to extend the published high-resolution record by 1-2 more years. The third
modern shell (BM3) was sliced along the last growth whorl to reveal a cross section of growth using a rock
saw, and four years of growth were sampled for high-resolution 8'®0. Three or more new clumped isotope
measurements were made per fossil shell, targeting the highest and lowest 80 values, as recorded in
published (Winkelstern et al., 2017) and newly expanded high resolution 8'*0 records, with the goal of cap-
turing the full seasonal range in temperature and the oxygen isotopic composition of water (3'*0,,) while
further ensuring C. pica could accurately record seasonality and serve as a climate proxy for the past. Ten
additional A,; measurements were made on the modern shell BM2.

Winkelstern et al. (2017) used multiple methods to determine these fossil shells were well preserved. As part
of the original study, fossil shells were inspected under the microscope, powders were analyzed with X-ray
diffraction, and isotopic analyses of fossils were compared to surrounding bulk material. All fossil sam-
ples exhibited excellent preservation, displaying original shell layering and coloration, preserving a 100%
aragonitic composition, and retaining contrasting 80 and clumped isotope values relative to co-occurring
diagenetic cements (Winkelstern et al., 2017). All isotopic samples were taken from the pristine inner shell
material from cross section (Figure S1) to avoid the outermost layer that could have been physically abrad-
ed, encrusted, or bored by predators. Burial history of these units is negligible - MIS 5e rocks are stranded
~0-5m above modern sea level in their original position and have never been buried or heated, eliminating
the possibility of clumped isotopic bond reordering (Henkes et al., 2014; Stolper & Eiler., 2015). All tests
mentioned above point to the unlikelihood of diagenetic alteration of the studied fossil shells, and thus no
further tests on diagenesis were deemed necessary for the purpose of this study. Previous work on Bermu-
dan fossil corals also supports excellent preservation and closed-system behavior (e.g., Muhs et al., 2002).

2.2. High Resolution Stable Isotope Analytical Methods

High-resolution drilling was carried out with a Merchantek MicroMill computer-controlled drilling stage
to collect ~50 ug of powder for each analysis (Figure S1), spaced every ~3 mm, resulting in ~20 points per
year of growth. Each powder was analyzed for 8°C and §'®0 using a Kiel IV automated carbonate device at-
tached to a Thermo-Finnegan MAT 253 dual inlet mass spectrometer. Data was standardized by comparison
to NBS-18 and NBS-19 with units reported in per mille (%o), relative to the VPDB standard, with a typical
uncertainty of +0.1%o in both 8"*C and §'*0.

2.3. Clumped Isotope Analytical Methods

Seasonal peak and trough points were identified in the high resolution 8'®0 data for each shell. Each iden-
tified 5'*0 maximum or minimum was sampled using a low speed dental drill until a total of 20 mg was
collected and homogenized (Figure S1). Individual sample replicates of 4-6 mg were reacted in phosphor-
ic acid to produce CO, and purified using a custom-built vacuum line described by Defliese et al. (2015)
with procedures further described in Petersen et al. (2016). More details of the procedure can be found in
the supplement (Text S2). All samples were replicated three or more times, with most samples replicated
four times, spread out over a period of months to accommodate long-term variation in mass spectrometer
behavior.

A4; was calculated from raw voltages using an R-code script applying the updated Brand parameters (Pe-
tersen et al., 2019). A, values were converted into the absolute reference frame to correct the dependency of
the measured A4; on 8,; and mass spectrometer “frame compression/stretching” using heated (1000°C) and
equilibrated (25°C) gas standards (Dennis et al., 2011). An acid fractionation factor of +0.072%o correspond-
ing to a reaction temperature of 75°C was applied to account for the isotopic fractionation resulting from
loss of one oxygen atom during acid digestion (Petersen et al., 2019). Three in-house carbonate standards
(Carrara marble and aragonitic ooids (Defliese et al., 2015), and an aragonitic coral standard CORS (Rosen-
heim et al., 2013) were monitored and correction windows were adjusted to minimize drift in corrected
standard values through time. True values for these standards were separately defined relative to the ETH
standards. A secondary transfer function using many replicates of these three standards, plus a handful of
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replicates of ETH1-4, was applied to bring final A4, values into alignment with the current best communi-
ty-wide reference frame (see Text S2).

Individual replicates were determined to be bad if A5 values were elevated more than 2%. above pure gas
standards indicating contamination. Within each sample, if the standard deviation of all replicates was in
excess of the long-term standard deviation of in-house carbonate standards (0.025%0), the most deviant
replicate was deemed an outlier and removed, which in most cases corresponded to a single-replicate tem-
perature of >50°C or <-15°C, likely resulting from individual errors during sample preparation. After this
screening, only samples with at least three good replicates were included for interpretation.

A,; values were converted to temperature using the synthetic composite calibration of Petersen
et al. (2019) with Brand/TUPAC parameters, updated A,,.rp values and acid digestion fractionation values
(A47-REACEBEPnewaFF) = (0.0383 + 1.7 E™%).(10%/T?) + (0.258 + 1.7 E™)). This calibration equation was chosen
because it reflects the growing calibration consensus in the clumped isotope community and our modern
shell samples presented here produced best results using this calibration.

8"0cup values were combined with A,;-temperatures to calculate 50, using both the mollusk-specific
aragonite-water fractionation factor of Grossman and Ku (1986) and the water-aragonite fractionation fac-
tor of Kim et al. (2007) based on synthetic laboratory precipitates. The first equation was chosen because
the relationship is defined based on aragonitic mollusks, including gastropods, matching our specimen
type (Grossman & Ku, 1986). The second equation of Kim et al. (2007) is a targeted laboratory study on
the temperature dependence of mineral-specific acid fractionation factors and is commonly used for many
aragonitic taxa. Both equations were explored for our data set but we chose to present our data in this study
with Grossman and Ku (1986) because this produced the best alignment between our modern shells and
modern instrumental temperatures (see Discussion). §*0,, values calculated using Kim et al. (2007) can be
found in the supplementary material.

2.4. Reprocessing of Published Clumped Isotope Data

Original A,; values and temperatures calculated by Winkelstern et al. (2017) were processed using Sant-
rock/Gonfiantini parameters following Huntington et al. (2009), A4,.rg values from Dennis et al., (2011),
and the acid fractionation factor and temperature calibration of Defliese et al., (2015). Since the time of
publication, many of these values have been updated (Petersen et al., 2019). Therefore, we reprocessed the
Winkelstern et al. (2017) data from raw voltages using the same R-code as new data, this time employing
Brand/IUPAC parameters, updated A,;1g values and acid fractionation factor from Petersen et al. (2019).
It was not possible to apply a secondary transfer function using Carrara and Ooids standards, as was done
with new data, due to insufficient standards having been run during the relevant measurement sessions
(Text S2). However, the alignment of the reprocessed Winkelstern data points with new data suggest this
is not necessary (Figure 5). Finally, §'®0,, was calculated this time using the mollusk-specific fractionation
factor of Grossman and Ku (1986).

2.5. Modern Water Collection and Isotopic and Salinity Analysis

Modern water samples were collected from around the island over two sampling periods and analyzed for
§'%0,, for comparison with calculated 5'*0,, values from our fossil shells. Eighteen modern water samples
were collected from 14 locations around the island: 17 seawater samples, 1 tapwater sample. Tap water in
Bermuda comes from underground cisterns beneath each house that collect rainwater falling on the roof
and likely approximates weighted annual average composition of local precipitation. Seven water samples
were collected in April 2019 and the other 11 were collected in January/February 2020. All nontap water
samples were collected near shore, except for the sample near Bird Island, which was collected from a kayak
away from shore.

All aqueous samples were first equilibrated with tank CO, gas for at least 48 h and pure, dehydrated CO,
was extracted using a custom-built vacuum extraction line (Figure S2; Text S4). §'*0 of CO, was analyzed
on the same Thermo-Finnegan MAT 253 dual inlet mass spectrometer used for clumped isotopic measure-
ments and 8'%0 of the original waters through calibrated with in-house liquid standards which, in turn,
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::ll;ll;:t}lz and Isotope Analyses Data for Each Water Sample Collected From Bermuda
Salinity (ppt)®* 550 (%o)"
Water sample Collection date Water type (n=23) (n=2) Tidal height
South road tap water April 30, 2019 Tap water N/A -39 N/A
Northeast
Cooper’s island January 12, 2020 Seawater 35.6 £ 0.1 +1.2 High tide
Great sound
Bird island 01 May 2019 Seawater 343 £0.6 +1.3 High tide
Hamilton January 11, 2020 Seawater 351+0.2 +1.2
January 18, 2020 Seawater 353+0.8 +1.2 High tide
January 25, 2020 Seawater 351+0.4 +1.3 High tide
February 01, 2020 Seawater 356 +0.4 +1.2 Low tide
February 08, 2020 Seawater 350+ 1.0 +1.3 High tide
Lodge point park April 29, 2019 Seawater 351+£0.2 +1.3 Intermediate tide
Outer southwest edge
Glass beach February 09, 2020 Seawater 34.5+0.5 +0.9 High tide
Somerset long bay February 09, 2020 Seawater 344+ 0.6 +1.0 High tide
North shore
Palmetto roundabout January 25, 2020 Seawater 347+ 0.8 +1.1 High tide
The flatts January 26, 2020 Seawater 35109 +1.1 Intermediate tide
South shore
Devonshire bay April 30, 2019 Seawater 35.7+0.4 +1.1 High tide
Elbow beach January 18, 2020 Seawater 357+0.4 +1.8 Low tide
Grape bay April 29, 2019 Seawater 352+1.0 +1.3 Low tide
Hungry bay April 29, 2019 Seawater 35.5+0.6 +0.8 Low tide
Hungry bay tide pool April 29, 2019 Seawater 357+0.3 L3 High tide

“Salinity measurements for each sample were replicated at least three times. ®Errors for §'*0 values are reported as long
term instrument precision of + 0.1.

were cross-calibrated using USGS standards (USGS 45, 46). Details of the procedure and a schematic dia-
gram of the extraction line can be found in supplementary material (Figure S2; Text S4).

All water samples were also measured in duplicate for their total salinity using an Extech EC170 salinity
meter (Table 1). A third independent salinity measurement was performed using a Leica handheld Tem-
perature Compensated Refractometer for cross-calibration. Basic accuracy for the Extech salinity meter is
+2% and this device reports salinity to 0.1 ppt. The Leica Refractometer has a typical precision of 0.5 ppt.
All three measurements were averaged together in Table 1. See supplementary Figure S3 and Table S1 for
all data.

3. Results
3.1. Isotopic Analysis of Modern Water Samples

Seawater §'°0,, values ranged from +0.8 + 0.1%. (Hungry Bay) to +1.3 =+ 0.1%o (Bird Island; Hamilton; GB;
Hungry Bay Tide Pool) (Table 1). The tap water sample had a '°0,, value of —3.9 % 0.1%o (Table 1), much
lower than all seawater samples.

Seawater samples show a salinity range of 34.2-36.8 psu, as expected (Figure S3). However, no clear corre-
lation between salinity and §'®0,, was observed.
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Figure 2. Original and reprocessed A4-temperatures and 8'*0,, values from Winkelstern et al. (2017). (a), results as originally published (see text), modified
from Figure 3 of original study with added range bars (Winkelstern et al., 2017). Temperatures calculated using Defliese et al., 2015 calibration equation. (b),
reprocessed results using updated data processing methods, with temperatures calculated using Brand/IUPAC parameters, synthetic calibration (Petersen

et al., 2019) and 8'%0,, values calculated using Grossman and Ku (1986) equation. Errors reported for both A4-temperature and 580, values are based on
internal 1 standard error of 3-5 replicates. Gray rectangle denotes modern instrumental variability in temperature (2007-2012 NOAA buoy data) and modern
seawater 8'°0 values (Global Seawater Oxygen-18 Database), as reported by Winkelstern et al. (2017).

3.2. Reprocessing of Published Data Using Brand Parameters

Winkelstern et al. (2017) reported A4;-temperatures from GB (15°C-17°C) that were distinct from temper-
atures calculated for DB/RB (19°C-25°C) (Figure 2a). This finding was puzzling given that the deposits at
these sites are apparently coeval and only ~2 km apart (Winkelstern et al., 2017). After reprocessing using
Brand/IUPAC parameters with synthetic calibration, the calculated A,;,-temperature ranges from the two
sites overlap (GB = 17°C-24.5°C; DB/RB = 21°C-29.2°C) (Figure 2b). Except for one GB point, the GB tem-
peratures fall within the DB range (GB range with point removed = 23.7°C-24.5°C).

Reprocessing also decreased differences in calculated §'80,, values and shifted all 50, values higher. Prior
to reprocessing, 8'*0,, values from GB were —1 to 0.1%. and from DB/RB were 0.8-2.1%. (Figure 2a). After
reprocessing, GB §'°0,, values were —0.3 to 1.8%. and DB/RB §'%0,, values were 0.8-3.3%. (Figure 2b).

3.3. High Resolution Stable Isotope Measurements in the Modern Shell

All three modern shells showed around 3-4 years of growth over the measured interval and demonstrated
clear seasonality in 8"0curb (Figure 3). The seasonal cycle is especially clear in shell BM3 and somewhat
distorted in the later part of BM1. Drill points are evenly spaced around the last whorl of the shell and the
sample spacing of ~10-15 points per year corresponds to roughly monthly resolution. The pseudo-sinu-
soidal profiles in the modern shells shown in Figure 3 show an uneven distribution between warmer and
cooler seasons. The larger number of points representing the summer months compared to shorter winters
indicates variable growth rates throughout the year (faster in summer, slower in winter).

Using the modern water value of +1.16%o, collected from the same sampling location (Cooper’s Island)
as the modern C. pica shells, we converted the high resolution 880, values using the mollusk-specific
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fractionation equation described by Grossman and Ku (1986) to temperature. Using this 80y, value, our
modern shell ranges from 19.8°C to 29.7°C for BM1, 20.0°C-29.5°C for BM2, and 20.7°C-30.2°C for BM3
(Figure 3), compared to the instrumental range of 19°C-29°C. The ranges seen in the three modern shells
(BM1 = 9.9°C; BM2 = 9.5°C; BM3 = 9.5°C) match excellently with the observed instrumental seasonal
range of 10°C.

In all three modern shells best alignment with modern instrumental temperatures is achieved using the
equation described by Grossman and Ku (1986). Therefore, we choose to use Grossman and Ku (1986) equa-
tion going forward when calculating 8'®0,, values for fossil shells using A4;-based temperatures. A second
version of the data calculated using Kim et al. (2007) is available in the supplementary material.

3.4. A, and 80, Measurements in the Modern Shell BM2

Previously, the modern shell BM2 had been sampled in a single location for A,;, near terminal edge of each
shell, reflecting a late summer season temperature based on the high-resolution "0 profile (Winkelstern
et al., 2017). For the current study, 10 additional A,; measurements were made on BM2, targeting the high-
est and lowest 80, values to capture the full seasonal range in temperature and 5'°0,, to compare with
observed temperature and seawater compositions (Figure S1; Figure 4a). The resulting A,; values corre-
spond to temperatures of 16.1 + 3.8°C to 32.7 + 4.4°C, matching well with the observed annual seasonal
temperature range (Figure 4b). The average of all BM2 A,; measurements is 23.5°C + 2.6(1sd) (include the
single measurement from Winkelstern et al., 2017), combining samples from the ~4 years of life represent-
ed by the sampled interval (2008-2011). This shows excellent agreement with the observed mean annual
temperature of 23°C over the same interval. This close agreement between the A,;-based temperatures and
reality indicate C. Pica shells do not show any “vital effects” (biologically driven deviations from equilibri-
um precipitation) in clumped isotope-derived temperatures, or if they do, they are smaller than our meas-
urement error. Fossil C. pica shells are therefore likely to be faithful recorders of environmental conditions
in A4; as well, as it is unlikely that a species has evolved to have a vital effect over 125,000 years without
changing any other physical characteristics defining the species.

5'%0,, values were calculated from A,;-based temperatures and co-analyzed §'®0.y, and using two different
equations (Grossman & Ku, 1986; Kim et al., 2007; Figure 4c). Using the Grossman and Ku (1986) equation
resulted in a range of —1.4 + 0.3 to +1.4 + 0.9%o, and a mean 5'*0,, value of 0.0%0+0.5 (1sd). Using the Kim
et al. (2007) equation resulted in a range of —0.5 + 0.3 to +2.2 + 0.8%o, and a mean 5'°0,, value of 0.9%0+0.5
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(1sd). The measured value at Cooper’s Island plots within error of the mean §'*0,, value calculated using
the Kim et al. (2007) equation, and is within both measured 8'*0,, ranges. The calculated 5'°0,, values from
both equations yield greater than expected ranges (2.8%o for all points included), given the previous (and
commonly used) assumption that §'%0,, is seasonally invariant (Winkelstern et al., 2017). However, modern
seawater samples from around the island display a nonzero range in 8'*0,, (+0.8 to +1.3%o for a range of
0.5%o) (Figures 4c and 5b).

3.5. Ay and 80, in Fossil Shells

Fossil shells were sampled in four additional positions for clumped isotopes, selected to target the high and
low 8"0., values. Ay, values from GB shells recorded temperatures of 10.1°C-24.5°C, and a §**0,, range
of —2.1 to +1.8%. (Figure 5). A4; in DB/RB shells recorded temperatures of 12.7°C-35.2°C, with a 80,
range of —2.03 to +3.3%. (Figure 5). The larger temperature range observed in DB/RB is driven primarily
by one sample with a temperature of 35.2°C, 6°C higher than the next closest sample from either fossil site.
With this one point removed, temperature range for DB reduces to be 12.7°C-29.2°C, matching much more
closely with GB.

DB/RB and GB shells show minimum temperatures colder than both the modern shell and modern observa-
tions, but the overall temperature range is comparable. The fossil shells have a range of 25.2°C (10.1 £ 5.5°C
to 35.2 = 7.0°C) or a reduced range of 19°C with the highest points removed. The modern shell has a range
of 16.6°C (16.1 + 3.8°C to 32.7 + 4.4°C) compared to modern instrumental data which records a range
of 10°C (from 19°C to 29°C, monthly means) (Figure 5). Shells from both fossil sites show a wider range
in 8'*0,, than the modern shells, potentially due to their proximity to the central lens aquifer (discussed
below).

4. Discussion
4.1. Assessing the Validity of Isotopic Proxies in Cittarium pica Using a Modern Shell
4.1.1. Stable Isotope Patterns

8" 0carp is a function of both temperature and the isotopic composition of water (§'%0,,) (Epstein et al., 1953),
both of which have the potential to change on annual timescales. High resolution measurements of 8%0carb
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in C. pica show sinusoidal, apparently annual cycles, suggesting that shells of this species seemingly can re-
cord annual climate fluctuations, albeit with a heavier weighting toward the summer months. When §'*0,,
is assumed to be invariant and equal to the value measured for seawater at the collection locality at Cooper’s
Island (1.16%o), the calculated 80 ,,-based temperature range using the mollusk-specific fractionation
equation described by Grossman and Ku (1986) is 19.8-30.2°C for the three shells combined (Figure 3),
which matches well with the observed range of 19-29°C from NOAA National Data Buoy Center (https://
www.ndbc.noaa.gov/). We do not have year-round water sampling at Cooper’s Island to directly confirm
low variability in 8'*0,, over the lifespan of the calibration shells, but the close agreement between §'°0-
carb-based temperature range assuming invariant 8'%0,, and the instrumental temperature range, as well as
the sinusoidal shape of the 50,y record, suggests that temperature is the primary driver of the observed
variations in 880y, in the modern Cooper’s Island shell.

However, this conclusion does not immediately apply to all C. pica shells. It is possible that variations in
8'80,, could occur, now or in the past, at other locations around the island. Modern seawater 830, meas-
urements indicate variations of ~0.5%o are possible throughout the year and variations of 0.3%. are possible
from a single location (Hamilton) over a span of weeks (Table 1, Figure 4c). Instead, this is meant to indicate
that no significant vital effects in 8"0c, are present that would distort environmental signals in C. pica
shells.

4.2. MIS 5e in Bermuda Cooler Than Modern

Combining 2-4 new subannual-scale measurements with reprocessed data from Winkelstern et al. (2017)
(1/shell) results in 3-5 A,4; samples per fossil shell, selected to cover the full seasonal range in temperature.
These samples should, when averaged together, more accurately capture mean annual conditions compared
to the single A,; sample previously published per shell. Shell averages in the DB/RB and GB fossil shells
range from 16.6°C to 25.6°C, this is colder than the average temperature recorded by A,; in the modern shell
BM2 (23.5°C), which accurately captures modern mean annual temperature of 23°C, indicating tempera-
tures in Bermuda during MIS 5e were cooler than today (Figure 5). This result agrees with foraminiferal
faunal analog-based regional patterns of reconstructed MIS 5e SSTs that show Bermuda to be cooler than
modern by 5°C (CLIMAP, 1984; Turney & Jones, 2010) and is consistent with the major conclusion previ-
ously made by Winkelstern et al. (2017).
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Other studies have suggested the presence of C. pica, a generally warm-water species, in MIS5e deposits
indicates climates must have been warmer than modern during the Last Interglacial, citing the absence of
this species in modern Bermuda but its presence in warmer regions to the south (Muhs et al., 2002). How-
ever, since collection bans were put in place, populations of C. pica have flourished in Bermuda in recent
years. For example, C. pica shells were live-collected (with a permit) in 2014 for isotope analysis (Winkel-
stern et al., 2017) and were observed by the authors in abundant numbers on the rocky shores of Hungry
Bay in 2019, indicating additional factors beyond temperature likely influence their success. Olson and
Hearty (2013), after finding C. pica fossils in marine deposits in Bermuda dating to MIS 7, 9, and 11, argue
that C. pica was expatriated in each glacial period and re-colonized Bermuda four separate times over the
past ~200,000 years. This conclusion assumes that C. pica could not tolerate the colder temperatures of gla-
cial intervals. However, marine units equivalent to those in which C. pica fossils are found are not preserved
on the island of Bermuda during glacial times due to much lower sea level and the authors state that no
marine gastropods of any kind were found in the terrestrial deposits they searched (Olson & Hearty, 2013),
but it is unlikely that all species were wiped out and re-colonized each glacial cycle. Therefore, we conclude
that faunal analog arguments are fraught here, as there are no equivalent facies during colder periods in
which to observe the presence or absence of fossils, and stronger conclusions can be based on isotopically
derived absolute temperatures like those presented here.

Unlike Winkelstern et al. (2017), however, we observed no systematic temperature differences between the
two study sites in new data or reprocessed published data (Figures 2 and 5). As originally published, GB
temperatures were 10°C cooler and §'*0,, values 0.7%o lower than modern, and were hypothesized to record
a meltwater event delivering cold and isotopically depleted freshwaters all the way from Greenland. Exact
ages of Devonshire Marine Member deposits at GB and DB/RB are overlapping, but not identical (see Win-
kelstern et al., 2017 Figure 5). The potential for GB deposits to possibly represent the beginning of the cooler
phase MIS5d was previously used to explain anomalously cold temperatures from those shells. In the new
and reprocessed data, fossil shells from both sites record similar temperatures and 5'*0,, values, eliminating
the need for explanations as to why they differed despite being close together and the same age (Figures 2
and 5). Further, since the apparent temperature difference between the two sites is resolved here, this lends
additional support to the interpretation of the two deposits as being of the same age. Given the measured
age ranges for both (Harmon et al., 1983; Muhs et al., 2002), this suggests the common age range of 120-126
ka, during peak warmth of MIS5e.

4.3. Unexpectedly Large Subannual Variations in §'®0,, Recorded in Fossil Shells

Typical sclerochronology studies convert high-resolution 'O, records into subannual temperature re-
cords by assuming a constant 8'°0,, value and calculating a single temperature value for each 8'®0,, data
point (Buick & Ivany, 2004; Burchell et al., 2013; Hallmann et al., 2008; Schone et al., 2004; Wanamaker
et al., 2008; Winkelstern et al., 2013). In this scheme, §'®0,y;, values increase as temperatures cool, and vice
versa, according to the temperature dependence of 8'®0.,, established in laboratory calibration studies
(e.g., Grossman & Ku, 1986). By measuring A4;-based temperatures at the subannual scale, 8'80,, is instead
allowed to vary throughout the year and we can establish a subannual record of temperature independent
of 830,

Our subannual clumped isotope measurements on all four fossil shells demonstrated an unexpected, in-
verse relationship between 80 and temperature. We find the coldest A,;-derived temperatures corre-
spond to the lowest, not highest, 880 values (Figure 6). This inverse relationship necessarily results in
calculated 5'°0,, values that vary significantly over the year, in an out-of-phase relationship with tempera-
ture. We therefore observe low 8'*0,, values corresponding to the coldest times and high '*0,, values during
warmer times. The range in 5'°0,, values within one shell is >2%o, indicating unexpectedly large variation
in coastal 530,

Given the sampling resolution (2 pts/year, each averaging ~1-2 months), the >2%o range in §'*0,, recorded by
the fossil shells reflects seasonal-scale, as opposed to inter-annual, variability. The paleoenvironment in which
the MIS 5e shells lived is thought to be very similar to the current South Shore environment seen at Hungry
Bay - an unencumbered, rocky shoreline facing out into the Atlantic on a small carbonate platform with no
surface rivers, well mixed by wave action. This makes it seemingly difficult to explain such large variations
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in 5'%0,, as wave action would be expected to dilute away any isotopic anomalies into surrounding seawater.
C. pica shells live on rocky substrates below the high-tide line, but are often exposed or partially exposed
during low tide. Any isotopic gradients produced by the injection of freshwater would therefore need to be
maintained only in this extremely near-shore environment and do not necessarily need to extend far offshore.

In the following sections, we explore multiple possible mechanisms that could result in the large changes in
coastal seawater 8'*0,, we observed in our fossil data and use modern water samples and modern shell data
to distinguish between these mechanisms.

4.3.1. Propagation of Uncertainty

Modern 8'*0,, around Bermuda only varies over a small range (0.5%o total, 0.2%o within a given region
excluding south shore), but the modern shell BM2 shows a bigger range in §'*0,, values calculated from
Ay;-based temperatures and 8'°0.,, values. No measurements exist documenting the true range in 8'°0,,
at Cooper’s island throughout the year, but it’s unlikely to be much bigger than the total island variability
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of 0.5%o. The large range in §'*0,, values reconstructed from modern shell BM2 might be because of pseu-
do-propagation of uncertainty - that the relatively large uncertainty in Ay;-based temperatures leads to an
amplified range in calculated 8'°0,, values (Note: This is not the same as actual propagation of uncertainty
where error on temperature is mathematically transferred through calculation of §'*0,,).

In the case of the modern shells, converting 80 values to temperature using a fixed 8'%0,, value and the
aragonite temperature relationship of Grossman and Ku (1986) correctly captures the seasonal temperature
range (Figure 3). In BM2, A-based temperatures overestimate the seasonal range, yet still got the mean
temperature correct (Figure 4b). However, the hottest/coldest temperatures do not always align with the
lowest/highest 80, values, leading to more divergent §'%0,, values. Supporting this pseudo-uncertainty
propagation theory for the expanded range in §'°0,, in the modern shell, the variability in 5'*0,, does not
correlate with 80, in BM2 (Figure 4).

In the fossil shells, the situation is different. The pattern of variability is aligned with 880 variation, in all
four shells with the exception of the middle point on DB48, which we have already identified as an outlier
for being higher than reasonable temperature (see 3.5). Therefore, even though the same pseudo-propaga-
tion of errors may be artificially amplifying the variation in fossil §'*0,, the pattern of variation is potential-
ly indicating real environmental variations in §'®0,, on a seasonal scale.

4.3.2. Highly Seasonal Precipitation

One possible source of variation in 8'®0,, is precipitation-driven surface runoff transiently depleting coastal
8'0,,. Bermuda has an average annual precipitation of 1,468 mm which is fairly evenly distributed through-
out the year, with slightly more rainfall in summertime (Rowe, 1984). Monthly average precipitation rates
range from 75 to 172 mm (Rowe, 1984). Precipitation §**0 in Bermuda, as elsewhere, is much lower relative
to seawater, best indicated by the —3.9%. tap water sample which approximates the annual average isotop-
ic composition of local precipitation as tap water in Bermuda comes from underground cisterns beneath
each house that collect rainwater falling on the roof. Since Bermudian tap water, and therefore precipita-
tion, has a much lower §'*0,, value than local seawater (average of 1.2%o for 17 seawater samples), surface
runoff of precipitation (or direct rainout on surface waters) could reduce 8'*0,, during times of increased
precipitation.

This phenomenon is possibly observable in the modern shell BM2. In the four years the sampled shell lived
(2008-2011), there was one month with anomalously high precipitation — June 2009 (LDEO Climate Group
Datasets) (Figure S4). This appears to align with a single-point spike in the high resolution 8¥0,y, record
of shell BM2, slightly before the 2009 summertime peak (Figure S4). However, no anomaly in 880 18
seen in BM1 or BM3, making us hesitant to interpret based on a single (unreplicated) measurement. If real,
this offset from the expected temperature-driven sinusoid is on the order of 0.75%. (Figure S4), and is so
transient as to be completely missed in 2 of 3 shells at our ~monthly (to sub-monthly in summer) sampling
resolution (Figure 3). This constrains the order of magnitude and duration of a potential precipitation-driv-
en change in 8'°0,, and indicates that the extent of influence of precipitation changes on §'*0,, determined
from fossil samples should be minimal. Further, based on instrumental precipitation records, the month
of highest precipitation can occur in different summertime months, and some years have no anomalously
high rainfall months at all (e.g., 2008 and 2011). Other less extreme rainy months (e.g., September 2010)
were absent in all three modern shells, indicating that for precipitation to impact 80, rainfall must be
significantly above background levels.

In contrast, variations in §'*0,, seen in fossil shells are greater in magnitude (>2%o within a single shell, al-
though this may be amplified by an unknown amount) and, more importantly, seem to vary seasonally and
in every year measured (excluding the one high point in DB48). We see two single-point spikes in the high
resolution 80 profile of shell DB48, which could reflect especially rainy periods, but these are very short
(Figure 5). One of these spikes corresponds to the middle sample that has been potentially identified as an
outlier due to its elevated temperature of >35°C. However, the 8"0 arp value measured during clumped iso-
tope analysis was lower and more in line with adjacent points, potentially indicating a measurement error
in the original high-resolution profile.

If the observed 8'®0,, variability in our four fossil shells was driven by changes in precipitation-driven sur-
face runoff, it would require rainfall levels potentially more than twice as high as the rainiest months today,
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occurring every summer season. We would also expect precipitation-driven effects on §'°0,, to be similar
everywhere around the island. Fossil C. pica shells are primarily found along the south shore due to their
preference for a rocky habitat. Future studies looking at MIS 5e-aged shells (of necessity sampling differ-
ent species) collected from other locations around the island, would help validate or refute this potential
mechanism.

4.3.3. Coastal Upwelling

Variability in coastal 880, could be affected by coastal upwelling. Typically, coastal water show signifi-
cant variability as depth increases, and upwelling holds extreme importance in mixing water from different
depth columns and maintaining productivity (Jacob et al., 2016; Killingley & Berger, 1979; Tao et al., 2013).
Further, strong seasonal-wind-driven upwelling could bring cold, **0-enriched, nutrient-rich water to the
surface resulting in higher 830 values (Jacob et al., 2016; Killingley & Berger, 1979; O’Dea et al., 2007;
Tao et al., 2013). Mainly driven by seasonal wind, its intensity also changes seasonally. There are no meas-
urements of §'*0,, value of the deep water in order to determine the potential of this mechanism to affect
coastal surface 8'%0,, values. However, the size of this effect can be estimated by looking at salinity vari-
ation with depth, as salinity and 8'®0,, often correlate strongly within a region due to similar controlling
processes. Salinity profiles from Hydrostation S, an offshore long-term monitoring site run by the Bermuda
Biological Station, recorded minimal salinity variation from the upper column (0-10m) down to 2000 m
(36.6 psu to 35 psu, respectively) (https://www.st.nmfs.noaa.gov/copepod/time-series/us-10102/). This sa-
linity profile suggests that deep waters likely have similar §'*0,, values to surface waters around Bermuda.
Therefore, variable contribution of deep water is unlikely to cause large variations in coastal §'*0,, today.
For this mechanism to explain large variations in coastal 8'*0,, in the past, coastal upwelling must have
been stronger or deep water off Bermuda must have been more isotopically different than today. Future
measurements of the 80, value of modern deep waters and microfossils from offshore MIS5e sediments
would help constrain whether this mechanism could be responsible for coastal 80, variability during the
Last Interglacial.

4.3.4. Subsurface Discharge From the Central Freshwater Lens

The proximity of our fossil sites to the largest of four freshwater aquifers in Bermuda (Devonshire lens; Fig-
ure 1) may provide a potential explanation for the large variations seen in '°0,,. Freshwater from aquifers
is injected into near-coastal waters via the subsurface, with discharge rates controlled by aquifer fill rates
(i.e., local precipitation rates), topographic gradients, subsurface porosity, and sea level height at the coast
(Vacher, 1978). Freshwater in these aquifers is sourced from local precipitation, which has a composition
significantly different than seawater (approximated as —3.9%. from local tap water, compared to ~0.8-1.3%o
in seawater samples), meaning that increased subsurface aquifer discharge could reduce coastal §'*0,, val-
ues and salinities.

Increased subsurface discharge could be induced by increased recharge into the aquifers (i.e., increased
precipitation) or due to a drop in coastal sea surface height. In the case of increased recharge, this would
act similarly to the surface runoff mechanism described above. During periods of heavy rain, the subsur-
face water table height would temporarily rise, leading to more discharge at the coast as the lens returned
to equilibrium, decreasing coastal 8'*0,, values. However, as above, this would likely be transient, caused
by individual storms or stormy weeks/months, with a possible time lag for the gradient imbalance to travel
through the aquifer. In order for this to explain our data, very heavy rainfall would have to occur every win-
ter, unlike today, when peak rainfall typically occurs in summer.

On the other hand, three processes contribute to systematic and predictable changes in coastal sea surface
heights: 1) semi-diurnal astronomical tides (~0.7-0.9 m); 2) daily to weekly isostatic effects from changes
in atmospheric pressure (~0.2 m); 3) seasonal thermal expansion (~0.6 m), induced by seasonal warming
and cooling of North Atlantic ocean temperatures (Rowe, 1984; Vacher, 1978). During periods of high sea
level (either high tide, or late summer after maximum thermal expansion), ocean water would act as a dam,
blocking the aquifer from discharging as much freshwater, resulting in higher, more marine §'*0,, values.
When sea surface heights were lower (low tide or end of winter), the topographic gradient between the
center of the island/aquifer and coastal waterline would increase, causing increased discharge from the
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freshwater lens and resulting in lower coastal §'*0,, values due to an increased component of isotopically
depleted aquifer water (Rowe, 1984; Vacher, 1978).

Evidence for tidally driven subsurface discharge has been observed in Bermuda today. In Green Bay Cave
on the north side of the island, daily tidal flow mixes freshwater out into coastal seawater, causing docu-
mented changes in salinity (and presumably in '®0,, as well, although it hasn’t been measured) (van Heng-
stum & Scott, 2012). Tidally driven subsurface discharge also occurs in other areas with coastal carbonate
aquifers such as the Bahama Bank (Beddows et al., 2007; Moore, 1996; Vacher & Wallis, 1992; Whitaker
& Smart, 1990). A,,-based 80, values measured in our fossil shells show changes on the seasonal-, not
tidal-, scale. This could be achieved through a similar mechanism, driven by thermal expansion instead of
daily tides. Thermal expansion causes mean sea level heights to fluctuate at nearly the same magnitude as
daily tides, but on the months-to-year timescale suggested by the fossil data. Sea surface heights increase
throughout the summer as surface waters warm and expand, peaking in September/October, some of the
warmest months (Figure S8). Lowest sea surface heights occur in February/March, aligning with the cold-
est months of the year (Figure S8). In this way, higher aquifer discharge (and therefore lower 8'°0,, values)
could align with the colder months. Slight misalignment between peak temperatures (JAS) and maximum
sea surface heights (SON) may explain the reduced apparent seasonal amplitude in fossil shells compared
to modern (Figure 5).

This mechanism could potentially apply to any stretch of coastline proximal to one of the four major sub-
surface aquifers on Bermuda (Figure 1), but is perhaps most likely to play a role along the South Shore,
where our fossil samples were collected. High permeability in the Belmont Formation outcropping along
the South Shore makes this stretch of coast more likely to experience higher levels of freshwater discharge
than locations on the north shore equally close to the Devonshire aquifer (Vacher, 1978). Freshwater out-
flow has not been previously documented in this region, but clumped isotopic measurements of marine
cements indicate the presence of isotopically depleted waters in the coastal subsurface. Marine cements
from along the South Shore record 8'*0,, values mostly between —3.8 and + 3.9%o, with a few even lower
than —5%o (Defliese & Lohmann, 2016).

4.4. Present-Day Tidal Variability in §'®0,, as a Proxy for Past Seasonal Variability

In April 2019 and January-February 2020, seawater samples were collected from around the island, span-
ning multiple tidal heights. Absolute §'*0,, values differed between regions, but within most regions, meas-
ured 8'%0,, values were tightly clustered and inter-regional differences could be explained by geography.
Samples from the outer southwest edge of the island were lower (GLB and SLB; 0.9-1.0%0) compared to
samples from north shore (TF, PR = 1.1%0) and Great Sound (BI, H1-5, LPP, 1.2-1.3%0) (Table 1). High
8'®0,, values found in samples from the Great Sound are consistent with higher evaporative enrichment in
this semi-enclosed basin. Unlike all other collection sites which face out to the open Atlantic Ocean, the
Great Sound forms a natural harbor within the curve of the island, surrounded on all sides by land except
for the northeast, where it is open to a shallower region of the Atlantic Ocean overlying a submerged Ber-
muda platform. Lower values in other regions may reflect proximity to freshwater lenses (e.g., SLB and the
Somerset Lens) (Figure 1). The variability seen within each of these regions is at the level of measurement
error (+/— 0.1%o), consistent with regionally homogenous and constant seawater compositions, regardless
of tidal height. Particularly, five measurements from the same location in the capital city of Hamilton over
a period of 2 months show variability of <0.2%. despite spanning multiple tidal heights. In contrast, the full
magnitude of across-island variability was realized in samples collected from a single region - the South
Shore. Here, modern seawater 8'°0,, values ranged from 0.8 to 1.3%o, and variability was related to tidal
height (Figure S10, Table 1).

The relationship between §'°0,, and sea surface height is best demonstrated by two samples from Hungry
Bay. There, the seawater samples collected as the tide was rising from its minimum (Table 1, Figures S9
and S10) recorded a lower value of 0.8%o, while at the same location at the same time, water from a stranded
tide pool recorded a value of 1.3%o, likely representing the composition of seawater during the preced-
ing high (and lowering tide: Figures S9 and S10). Water collected at high tide from Devonshire Bay had
a 8'®0,, value of 1.1%o, reflecting a higher isotopic value consistent with a lower freshwater contribution
(Figure S10b). However, other low-tide samples from both GB and EB (1.3 and 1.2) show high values as
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well, seemingly in poor agreement with our proposed mechanism. These sites are both located farther away
from the Devonshire Lens than DB and HB (Figure 1) and rocky cliffs that must have been present during
MIS 5e to support C. pica shells have been replaced with sandy beaches at these sites, potentially impacting
permeability and reducing freshwater discharge. In contrast, both DB and HB still have rocky shorelines
and support modern populations of C. pica, making these sites more representative of the MIS 5e environ-
ment. Regardless of the timing and §'*0,, values from individual sites, it is clear that the largest variability
in 5'*0,, within one region and the lowest absolute value (0.8%o) exists along the South Shore, consistent
with freshwater discharge mechanisms. Additionally, the next lowest values are found in the southwestern
region (0.9-1.0%o0), which is also close to a freshwater lens (Somerset Lens), and may be similarly influenced
by subsurface freshwater.

Our samples were mostly collected from off-peak tidal times, it is possible the true range in 8'*0,, values
would increase with a higher sample frequency specially designed to capture both extremes within a tidal
cycle. Sea level changes during tidal cycles (0.6 m) compare to the annual, thermal-expansion-driven, cycle
(1m), implying a similar magnitude change in 8'®0,, could be expected throughout one year. Future work
will be required to track 8'*0,, variability around the island on the annual scale to compare to the timescales
recorded in fossil shells.

4.5. Implications for MIS5e Bermuda

Overall, our fossil data shows very large changes in 80, and we present a number of hypotheses to explain
this data. Larger-than-expected variation in calculated 8'*0,, in the modern shell indicates that this suban-
nual clumped isotope approach may overestimate the range in 8'®0,, values when temperature extremes
do not align with 8"80car, extremes. However, even if the amplitude of the effect is overestimated, coherent
patterns of low/high 5'*0,, values during winter/summer seasons demand explanation.

If precipitation were to drive these anomalies, it would require extreme wintertime precipitation every
year, contradictory to the modern climatology which has peak rainfall in summer. If coastal upwelling were
to drive observed variability in fossil shells, deep waters during MIS 5e must have been isotopically very
different from surface waters, unlike gradients today indicated by salinity. We therefore conclude that a
freshwater discharge mechanism, driven by changes in sea surface height, is the most likely explanation, as
the isotopic composition of that freshwater is significantly different from seawater (—4%o vs. +1%o0) and the
largest variability in modern coastal §'*0,, is observed along the South Shore today, proximal to the largest
freshwater lens under the island. Thermal expansion changes sea surface heights on seasonal timescales,
with peak heights, and therefore most marine 8'*0,, values, occurring in late summer/fall coinciding with
some of the warmest months.

This suggests that a freshwater lens likely existed under the island of Bermuda during MIS 5e in a similar
location to the central lens today and variably ejected freshwater into the South Shore coast region on an
annual scale, leading to measurable annual-scale variations in §'*0,,.

5. Conclusions

Previous data reconstructing conditions in Bermuda during the Last Interglacial showed divergent temper-
atures from two closely spaced and apparently coeval sites. Reprocessing this published data and combin-
ing it with new subannual-resolution clumped isotope measurements bring both sites into alignment and
into agreement with established records in showing cooler-than-modern temperatures in Bermuda during
MIS 5e. Although the small number of shells studied (4 fossils) should be accompanied by caveats about
representativeness of longer-term average climate, the close agreement between absolute temperatures and
temperature ranges across these four shells from two localities is encouraging. All four shells have average
temperatures cooler than modern.

Additionally, subannual measurements revealed large (>2%o) seasonal variations in §'*0,, occurring out
of phase with seasonal temperature changes. This magnitude may be amplified by misalignment between
extrema in 8'®0., and A,-temperatures, propagated through calculations of §'®0,, as seen in a modern
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shell. However, systematic alignment of high/low 8'®0,, values with warm/cool seasons implies a real en-
vironmental forcing.

We propose that subsurface injection of freshwater from the Central Lens into South Shore coastal waters,
driven by changes in sea surface height affecting hydrologic gradients in the subsurface aquifer, cause the
~0.5%o variations in coastal 5'®0,, seen today on tidal timescales along the South Shore. We suggest this
mechanism could have also been operating in the past to drive seasonal variations in 8'®0,, recorded in fos-
sil shells, with changes in sea surface height driven by seasonal thermal expansion. Altogether, our results
highlight the importance of variations in 8'*0,, as well as temperature in setting carbonate 8'%0. They also
suggest that the assumption of constant 8'*0,, fails at this site and common assumptions like this may lead
to less accurate reconstructions of paleotemperature at other sites.

Data Availability Statement

Coinciding with publication, all raw clumped isotope data (including all sample and standards repli-
cates) will be deposited in the EarthChem ClumpDB database for long-term storage, data DOI: 10.26022/
IEDA/111922 (https://doi.org/10.26022/TEDA/111922).
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